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RESONANCE SCATTERING OF SOLAR RADIATION IN PROMINENCES 

N. A. Yakovkin, M. Yu. Zel'dina 

It is shown that the prominences emit in the line 
H on account of the scattering of solar radiation. 

The proof is based on the solution of an integral equa- 
tion for the case of fully incoherent scattering. Photo- 
spheric radiation in the line H enters into the promi- 
nence and excites its glow in spite of the great optical 
thickness of the prominences in this line. The density 
of diffusion radiation is higher than the average density 
of the radiation entering into the prominence. The 
theoretical line profile under great optical thickness 
(T 2 10) has a..typical saddle shape. The central inten- 
sity and equivalent widths of the calculated line profile 
agree with the observations. 

01 

a 

As of the present, no answer has yet been found for the question of wheth- /5* 
er prominences are "self-luminous" formations, or whether they may be seen due 
to scattering of solar radiation. The majority of astrophysicists adhere to 
the first point of view, and assume that the excitation of atoms takes place 
either due to the influence of electron collisions, or as the result of elec- 
trons recombining with protons (Ref. 2, 7, 19). In a study devoted to the 
theory of the formation of Balmer lines, V. V. Sobolev (Ref. 12) also postu- 
lates the recombination mechanism for the luminescence of prominences. Several 
authors (Ref. 1, 11, 16) have assumed that the luminescence of prominences is 
not only caused by eigen emission, but also by scattering of photospheric radi- 
ation. The assumption has been advanced (Ref. 5) that the third and fourth 
levels of a hydrogen atom are excited by solar radiation, and the remaining 
levels are due to the recombination mechanism. It was shown in (Ref. 15) that 
the energy radiated by a prominence in each Balmer line equals the energy of 
the absorbed photospheric radiation in this same line. In this connection, it 

* Numbers in the margin indicate pagination in the original foreign text. 
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may be  assumed t h a t  t h e  luminescence of prominences is  t h e  resonance scatter- 
i n g  of s o l a r  r ad ia t ion .  

I n  order  t o  so lve  t h e  problem of the  e x c i t a t i o n  mechanism of hydrogen 
atoms i n  prominences, we must examine t h e  d i f f u s i o n  of t h e  r a d i a t i o n  and must 
determine t h e  change i n  t h e  source funct ion as a funct ion of t h e  o p t i c a l  depth. 
The problem inves t iga t ed  by J e f f e r i s  (Ref. ,16) i s  s i m i l a r  t o  t h i s  problem. 
Solving t h e  r a d i a t i o n  t r a n s p o r t  equation i n  t h e  Eddington approximation, 
J e f f e r i s  obtained t h e  emission l i n e  P r o f i l e  of Ha, c a l c u l a t i n g  the  i n t e n s i t y  
of t h e  eigen and s c a t t e r e d ,  photospheric r ad ia t ion .  H e  d id  no t  take i n t o  
account t h e  incoherence caused by the  Doppler e f f e c t .  I n  a more recent  study 
(Ref. 17), J e f f e r i s  and Orrall a l s o  inves t iga t ed  t h e  dependence of the  source 
funct ion on the  o p t i c a l  t h i ckness ,  def ining a c e r t a i n  l a w  f o r  t h i s  dependence. 
The source funct ion w a s  a l s o  determined by the  t r i a l  and e r r o r  method i n  
(Ref. 6) .  

The study by V. V. Sobolev, which w a s  a l ready mentioned, r ep resen t s  an 
important s t e p  forward i n  solving t h i s  problem. The author determined the  
source funct ion,  i n v e s t i g a t i n g  no t  only t h e  r a d i a t i o n  d i f f u s i o n  i n  t h e  l i n e ,  
bu t  a l s o  the  i n t e r r e l a t i o n s h i p  between a l l  the  Balmer l i n e s .  However, t h i s  
study i s  of g r e a t e r  i n t e r e s t  f o r  research on f l a r e s  than i t  is  f o r  research on 
prominences, s i n c e  t h e  r epor t  formulates a recombination mechanism f o r  t h e  
luminescence and a model i n  t h e  form of a uniform sphere which correspond t o  a 
b e t t e r  ex ten t  with t h e  na tu re  of f l a r e s .  

This study inves t iga t ed  d i f f u s i o n  r a d i a t i o n  i n  t h e  Ha l i n e ,  determined i ts  
dens i ty ,  and showed t h a t  luminescence of prominences i n  t h i s  l i n e  i s  completely 
provided by resonance s c a t t e r i n g  of s o l a r  r a d i a t i o n .  

Main Equation 

The determination of d i f f u s i o n  r a d i a t i o n  densi ty  may be reduced t o  solving 
The de r iva t ion  of t h e  equa- an i n t e g r a l  equation f o r  the  source funct ion B ( T ) .  

t i o n  i s  w e l l  known (Ref. 12), but  w e  would l i k e  t o  desc r ibe  i t  b r i e f l y  i n  con- 
nect ion with the  s p e c i f i c  c a l c u l a t i o n  of i t s  f r e e  term i n  t h e  case under con- 
s i d e r a t i o n .  J u s t  as i n  (Ref. 12), i n  order  t o  so lve  t h e  problem w e  s h a l l  as- 
sume complete incoherence of t h e  r a d i a t i o n  during resonance s c a t t e r i n g ;  t h i s  
incoherence i s  caused by the  Doppder e f f e c t .  
model which i s  i n  t h e  form of a t h i n  p l a t e  which i s  perpendicular  t o  t h e  sur- 
f a c e  of t h e  Sun [see (Ref. 1 6 ) ] .  L e t  t h e  l i n e  of s i g h t  i n t e r s e c t  t h e  promi- 
nence along t h e  normal 30" above t h e  limb. The d i l u t i o n  f a c t o r  w equals  0.3 
i n  t h i s  case,  with allowance f o r  t h e  darkening f a c t o r  u. W e  s h a l l  assume t h a t  
t h e  geometric thickness  of t h e  prominence i s  s m a l l  as compared with t h e h e i g h t  
r a n g e  above t h e  limb, w i th in  whose l i m i t s  t h e  d i l u t i o n  f a c t o r  ba re ly  
changes. This condi t ion makes i t  poss ib l e  f o r  us t o  assume l a y e r s  of equal  
r a d i a t i o n  i n t e n s i t y  wi th  p a r a l l e l  boundary planes of the  prominence. It is  
assumed t h a t  t h e  l a y e r s  of equal  o p t i c a l  thickness  coincide with them. There 

W e  s h a l l  employ a prominence 

i s  no necess i ty  of assuming t h a t  t h e  prominences are 
population of the  second level of t h e  hydrogen atoms 
of t h e  depth according t o  any l a w ,  provided t h a t  t h e  
l a y e r s  be p a r a l l e l  i s  f u l f i l l e d .  

/6 

uniform formations. The 
may change as a funct ion 
given condition t h a t  t h e  /7 
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I n  o rde r  t o  c a l c u l a t e  t h e  energy of t h e  d i r e c t  s o l a r  r a d i a t i o n  absorbed by 
a unit  volume of prominence, l e t  us in t roduce  t h e  func t ion  

which represents  t h e  i n t e n s i t y  of s o l a r  r ad ia t ion ,  averaged over  t h e  angle  T IT, 
a t  the depth T ,  which e n t e r s  t h e  p lane  T = 0 and p e r t a i n s  t o  t h e  r a d i a t i o n  in- 
t e n s i t y  i n  t h e  c e n t e r  of t h e  d isc .  A s  may be seen from Figure 1, angles  9 and 

f3 determine t h e  d i r e c t i o n  of t h e  radia-  
t i o n  which leaves the s o l a r  su r f ace  a t  
t h e  angle 0 .  They are r e l a t e d  t o  t h e  

N p a r a l l a c t i c  angle  x o  by t h e  simple re- 
l a t ionsh ips  

s in  X=sin Xnsin 0 ;  
cos X=sin 9 cos 6; 
cos x o  = sin 8 cos p,. 

I n  our problem, t h e  func t ion  Q(T)  p lays  
the  r o l e  of an i n t e g r a l  exponent ia l  func- 
t i o n ,  as w e l l  as t h e  r o l e  of " the physi- 
cal  d i l u t i o n  f ac to r "  which takes  i n t o  
account no t  only t h e  geometric f a c t o r ,  

toward t h e  edge. Actua l ly ,  i n  t h e  case 
of w = 0.5, u = 0 ,  w e  have 

Figure 1 

Model of a Prominence i n  t h e  but  a l s o  the  darkening of t he  d i s c  
Form of a P l a t e  Lying i n  t h e  
P lane  of a Figure.  

and i n  t h e  case of T = 0 w e  have 

1 2E, (0) = ' ~ e r  = -- 
2.ir 

3 sin 8j (1 -u+zt cos 69) dp d9. 

Employing t h e  continuous spectrum of t he  cen te r  of t he  d i s c  c l o s e  t o  t h e  l i n e  
Ha 
l i n e  by r w e  ob ta in  t h e  energy absorbed a t  t h e  given frequency 

as t h e  u n i t  of i n t e n s i t y ,  and des igna t ing  t h e  p r o f i l e  of t h e  Fraunhofer 

V '  

4akn,e -# r,E, (w-F*) . 
It is assumed t h a t  t h e  absorp t ion  c o e f f i c i e n t  depends only on t h e  Doppler e f -  
fect. 
t h e  o p t i c a l  depth i n  t h e  c e n t e r  of t h e  l i n e  Ha. I n t e g r a t i n g  over  t h e  p r o f i l e  

/8 
kn2 is t h e  absorp t ion  c o e f f i c i e n t  computed pe r  cubic  centimeter; T i s  
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t h e  depth T 

(3) 

boundary plane,  t h e  

of t h e  Fraunhofer l i n e ,  w e  o b t a i n  t h e  absorbed energy a t  

h k n ,  r,e-vl E,  (.e-v') dv. -- r 
For r a d i a t i o n  e n t e r i n g  t h e  prominence through t h e  second 
absorbed energy may be w r i t t e n  i n  a s imilar  way, only t h e  argument of t h e  func- 
t i o n  Ew w i l l  have t h e  form (TO - T)e-V2. 

Besides d i r e c t  s o l a r  r a d i a t i o n ,  each cubic cent imeter  absorbs the d i f -  
fu s ion  r a d i a t i o n  

. K  
I .:- ..J 

4 ~ k n ,  [, .i lV ( 7 ,  3) sin 9dS. -- 0 

U t i l i z i n g  t h e  s o l u t i o n  of t h e  energy t r a n s p o r t  equat ion,  a f t e r  changing t h e  
o rde r  of i n t e g r a t i o n  w e  ob ta in  the  following expression 

x 

J J -_ 0 
J 
0 

The source funct ion B ( T )  contained i n  t h i s  expression r ep resen t s  

( 4 )  

the  r a t i o  of 
t h e  r a d i a t i o n  c o e f f i c i e n t  j t o  t h e  abso rp t ion  c o e f f i c i e n t  kn2. 
thickness  of t h e  prominence along t h e  l i n e  of s i g h t  is designated by T ~ .  

energy r a d i a t e d  by a cubic  centimeter 

The o p t i c a l  
The 

4x j e  -:l'du, 
- 0 0  s- 

must equal  t h e  absorbed energy. Employing t h i s  condi t ion,  l e t  us formulate /9 
t h e  equation of energy balance.  Dividing i t  by 

4irSka,e-"dil= 4x )'-, kn,, 
-tD 

we ob ta in  t h e  i n t e g r a l  equation 

B (T) = 7. (t> K j t--2 I dt+g(T) .  
0 

The k e r n e l  of t h e  equation has t h e  following form 

where El i s  t h e  i n t e g r a l  exponential  funct ion 

4 



n - 

E, ( x )  = e - x s e c s  sec 8 sin 8dB. 
0 s 

Since t h e  prominence is equal ly  i l lumina ted  by t h e  Sun from both s i d e s ,  t h e  
f r e e  term of t h e  equat ion equals  t h e  sum of t h e  two components 

u n i t  

This 
This 
over 

g(5) = g'(.> + g'(.c,--), (7) 
where 

vr.X rve-v'Ew (-e-%) dv. (8) g'(.) I - ' r  -cc 

The quan t i ty  4 a G g I ( ~ ) 1  dT rep resen t s  t h e  energy, which i s  absorbed by 

W e  may s impl i fy  t h e  p r o f i l e  of t h e  Fraunhofer l i n e  q 
0 

t h e  l a y e r  d.r 
boundary p lane  T = 0. 
which i s  contained i n  equat ion ( 8 ) ,  by employing a photometric a t l a s  (Ref. 18) 
and by assuming AXD = 0 .33  1. 
l a t i n g  gl(T), as w e l l  as t h e  f r e e  term g(.) f o r  r o  = 10. 
may be expressed i n  u n i t s  of i n t e n s i t y  f o r  t h e  continuous spectrum of t h e  cen- 
ter  of t h e  s o l a r  d i s c .  The o p t i c a l  th icknesses  are p l o t t e d  along t h e  absc i s sa  
axis. The quan t i ty  obtained from equat ions (Z) ,  (7) and (8) i s  used as t h e  /10 

of d i r e c t  s o l a r  r a d i a t i o n  en te r ing  t h e  prominence through t h e  

Figure 2 shows t h e  r e s u l t s  der ived from calcu- 
The q u a n t i t i e s  g(T) 

of  scale of t h e  r i g h t  o rd ina te  a x i s ,  

-p1 

r ep resen t s  t h e  source func t ion  f o r  a prominence of zero o p t i c a l  th ickness .  
quan t i ty  i s  somewhat h igher  than t h e  s o l a r  r a d i a t i o n  i n t e n s i t y ,  averaged 
t h e  angle  4 ~ r ,  i n  the  cen te r  of t h e  Fraunhofer l i n e  Ha (h = 30") 

r,w=O.21 .0.3=0.063. 

(According t o  Tekkereya, t h e  c e n t r a l  i n t e n s i t y  of t h e  Frauhofer l i n e  i n  
t h e  spectrum of t h e  d i s c  c e n t e r  i s  0.154. However, as V. A. K r a t  has ind ica t ed  
(Ref. 8 ) ,  w e  must take t h e  va lue  of rc averaged over t h e  d i s c  f o r  such compu- 
t a t i o n s ) .  

The fol lowing s e c t i o n  p resen t s  t h e  s o l u t i o n  of t h e  i n t e g r a l  equat ion (5) 
f o r  prominences having t h e  o p t i c a l  th icknesses  -c0 = 0.1; 1 .0;  1.5;  5 ;  10;  100. 

th icknesses  T~ are used f o r  each curve as t h e  u n i t  of t h e  absc i s sa  a x i s ,  and 

t h e  va lue  Bo i s  used as t h e  u n i t  of t h e  o rd ina te  axis on t h e  r i g h t .  

The corresponding va lues  of g(-r) are given i n  Figure 3 .  The given o p t i c a l  - /I1 

Solution* t h e  Equation 

In  recent y e a r s ,  t h e r e  have been considerable  advances regarding a theory 
f o r  t h e  d i f f u s i o n  of resonance r a d i a t i o n  i n  t h e  case of complete incoherent  

5 



Figure 2 

Resul t s  Derived from Calcula t ing  
Direct Solar  Radiation Absorbed 
by a Layer gT, Located a t  Dif fe r -  
e n t  T (Within an Accuracy of t h e  
Fac tor  4~r&I ,d~)  When t h e  Promi- 
nence is I l luminated from One 
Side and from Two Sides  ( T ~  = 10) . 
The va lue  Bo i s  Used as t h e  Scale 
Unit of t h e  Ordinate Axis t o  t h e  
Right.  

Figure 3 

Function g(T) f o r  a Prominence 
Having t h e  Opt ica l  Thickness 

T ~ .  The Value Bo i s  Used as 
t h e  Scale Unit of t h e  Ordinate 
Axis t o  t h e  Right.  

s c a t t e r i n g  (Ref. 10, 1 2 ,  4 ) .  W e  may now compile a reso lvent  of t h e  i n t e g r a l  
equat ion,  and may ob ta in  a s o l u t i o n  f o r  t h e  problem. However, it is simpler  
t o  ob ta in  t h e  s o l u t i o n  numerical ly ,  i f  w e  take  t h e  f a c t  i n t o  account t h a t  i n  
t h e  given case t h e  f r e e  term i s  given g raph ica l ly ,  and t h e  reso lvent  i s  deter-  
mined by s e v e r a l  complex formulas. For t h i s  purpose, w e  have employed t h e  
method advanced by Krylov and Bogolyubov (Ref. 9 ) ;  t h i s  method c o n s i s t s  of re- 
p lac ing  t h e  i n t e g r a l  equat ion by a system of a lgeb ra i c  equat ions.  For t h i s  
purpose,  t h e  i n t e g r a l  i s  divided i n t o  a sum of  i n t e g r a l s ,  i n  each of 
which i t  is assumed t h a t  t h e  des i r ed  func t ion  i s  constant .  

L e t  Bi be  t h e  source  func t ion  f o r  t h e  middle of t h e  l aye r s ,  i n t o  which the  
prominence i s  divided. 
cen te r  of t h e  l i n e  Ha, which correspond t o  t h e  d i s t ance  from t h e  boundary 
p lane  t o  t h e  middle of t h e  l a y e r  i, f o r  w h i c h  Bi i s  determined, and t o  the 
c l o s e s t  and f a r t h e s t  boundaries of t h e  l a y e r  r. 
which is equiva len t  t o  t h e  i n t e g r a l  equat ion (5) as follows 

T ~ ,  tr-l and t r  are t h e  o p t i c a l  th icknesses  i n  t h e  

We may then write t h e  system 

n 

The c o e f f i c i e n t s  have t h e  form 
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The condi t ion  r # 1 i n  equat ion (11) and t h e  s p e c i a l  form of t h e  diagonal  
c o e f f i c i e n t s  are r e l a t e d  t o  t h e  fact  t h a t  w e  must no t  only take  i n t o  account 

i d i r e c t  s o l a r  r a d i a t i o n  and d i f f u s e  r a d i a t i o n  of o the r  l a y e r s  when computing B 

f o r  t h e  middle of t h e  given l aye r .  W e  must a l s o  take  i n t o  account t h e  radia-  
t i o n  of both halves  of t h e  l a y e r  i t s e l f .  

When t h e  c o e f f i c i e n t s  are determined, t h e  symmetrical na ture  of t h e  ke rne l  
is employed, and t h e  f a c t  t h a t  @ ( O )  = 0.5 i s  taken i n t o  account. U t i l i z i n g  t h e  
proper ty  of t he  i n t e g r a l  exponent ia l  func t ion  

w e  f i n d  t h e  expression f o r  t h e  func t ion  @ - 
r n  

The va lues  of t h e  func t ions  K(x) and @(x)  w e r e  computed f o r  0 < x < 300. 
For x < 2 they w e r e  determined according t o  a formula which was based on expan- 

Figure 4 

Dependence of t h e  Function T ~ K ( T )  
and T @ ( T )  on t h e  Op t i ca l  Thickness 
(Upper Scale) and on l g  (T). 

s i o n  i n  series of t h e  i n t e g r a l  exponen- 
t i a l  funct ion.  For l a r g e  o p t i c a l  thick-  
nesses ,  they w e r e  determined graphically.  
The r e s u l t s  are presented i n  Figure 4 .  
For purposes of convenience, w e  have 
compiled t h e  curves T @ ( T )  and T ~ K ( T )  as 
a func t ion  of T f o r  small  o p t i c a l  thick-  
nesses  (upper s c a l e )  and as a func t ion  
of 1gT f o r  T 6 300. 

The system of equat ions (10) was 
solved by the  method of success ive  
approximations; due t o  t h e  rap id  con- 
vergence, w e  could confine ourselves  t o  
4 - 6 approximations. This is explained 
by t h e  weak interdepeadence of t h e  Lay- 
ers which are loca ted  f a r  away from each 
o ther .  Coe f f i c i en t s  l oca t ed  i n  t h e  vi- 
c i n i t y  of t h e  diagonal  elements are of 
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dec i s ive  importance. 
equat ions (Table 1) f o r  a prominence which has  t h e  o p t i c a l  th ickness  T~ = 10. 
The c o e f f i c i e n t s ,  t h e  f r e e  term, and t h e  va lues  of the source  func t ion  B(T) 
are mul t ip l i ed  by l o 3 ,  f o r  purposes of convenience. 
o p t i c a l  "distances" of t h e  middle of t h e  l a y e r  from t h e  boundary sur face ,  and 
t h e  l as t  two columns g ive  t h e  f r e e  terms obtained by means of Figure 2. The 
r e s u l t  der ived from t h e  s o l u t i o n  of t h i s  system rep resen t s  t h e  des i r ed  va lues  
of t h e  source funct ion.  The source func t ion  i s  a l s o  symmetrical, due t o  the 
symmetrical l o c a t i o n  of t h e  prominence wi th  r e spec t  t o  t h e  su r face  of t h e  Sun. 
This enables  us t o  reduce t h e  number of unknowns by h a l f ,  compiling a system of 113 
equat ions f o r  only one-half of t h e  prominence. 

By way of an example, w e  s h a l l  p re sen t  a system of ten 

The f i r s t  column g ives  the 

TABLE 1 

Coef f i c i en t s  f o r  the hknowns - .___ 
T i  I 

0.5 

1.5 
2.5 

3.5 

4.5 

5.5 

6.5 

7.5 

8.5 

9 .5  

-4501 134 42 18 9 5 3 2 2 I 
134]-4501 -__ 134 42 18 9 5 3 2 2 
42 134]-4501 134 42 18 9 5 3 2 

18 42 134(-4501 134 42 18 9 5 3 
9 18 42 134/-4501 134 42 18 9 5 

5 9 18 42 1341-4501 134 42 18 9 
3 5 9 18 42 1341-4501 134 42 18 

1 2 2 3 5 9 18 42 1341-450 

g1 
. .- 

16.8 

8.3 

5.6 
4.8 

4.4 

1.4 
4.8 

5.6 
8.3 

16.8 

._ 

Bi 
- 
78 

84 

87 

90 

91 

91 
90 

87 

84 

78 

The approximate va lues  of t h e  source func t ion  B(0)  f o r  t h e  boundary sur-  
f aces  w e r e  computed according t o  t h e  following formula 

A7 
2 
- 

Here, B is t h e  va lue  of t h e  source func t ion  f o r  t h e  middle of t h e  f i r s t  l ayer .  

The second term t o  t h e  r i g h t  represents  t h e  con t r ibu t ion  made by t h e  ou te r  h a l f  
of t h e  f i r s t  l a y e r  t o  B1. The las t  two terms rep resen t  t h e  inc rease  i n  t h e  

source func t ion  caused by a change i n  t h e  d i r e c t  s o l a r  r a d i a t i o n  when moving 
from t h e  middle of t h e  l a y e r  t o  i t s  outer  sur face .  

1 

Source Function 

Employing t h e  method presented above, w e  ca l cu la t ed  t h e  source func t ion  
f o r  prominences having o p t i c a l  th icknesses  i n  t h e  l i n e  Ha from 0.1 t o  100. 

8 



a ID 

I 

0.05 

Figure 5 Figure 6 

Dependence of t h e  Source Function Values of t h e  Source Function 
on t h e  Opt ica l  Depth f o r  D i f f e ren t  

T ~ .  
Scale Unit of t h e  Ordinate Axis t o  nesses .  
t h e  Right. 

i n  t h e  Center of Prominences 
Having Di f f e ren t  Opt ica l  Thick- The value Bo i s  Used as the  

The dependence of t h e  source func t ion  on the o p t i c a l  depth i s  shown i n  Figure5. 
The corresponding va lue  of t h e  prominence o p t i c a l  th ickness  w a s  used as t h e  
u n i t  along t h e  absc i s sa  axis, when each curve w a s  drawn. The i n t e n s i t i e s  per- 
t a i n  t o  t h e  continuous spectrum of t h e  d i s c  center  ( s c a l e  t o  t h e  l e f t ) .  The 
va lue  Bo w a s  used as t h e  scale u n i t  on t h e  r i g h t .  
a l  va lues  of t h e  source func t ion  and i t s  behavior with depth depend t o  a s ig -  
n i f i c a n t  ex ten t  on the  o p t i c a l  th ickness  of t h e  prominence. For prominences 
having a smal l  o p t i c a l  th ickness ,  i t  may be assumed t h a t  t h e  source func t ion  i s  
cons tan t  over t h e  th ickness  and equals  Bo -- t h e  source func t ion  when t h e r e  i s  
no prominence. Thus, d i f f u s e  r a d i a t i o n ,  which arises i n  an o p t i c a l l y  t h i n  
prominence, completely balances the  absorp t ion  of d i r e c t  s o l a r  r a d i a t i o n  along 
i t s  pa th  t o  t h e  c e n t r a l  regions of t h e  prominence. I n  t h e  case of T~ = 3 , t h e  
dens i ty  of t h e  d i f f u s e  r a d i a t i o n  becomes l a r g e r  than the  dens i ty  of t h e  in- 
coming r a d i a t i o n  -- i .e .  , i t  behaves as though t h e r e  w e r e  an "accumulation" of 
quanta i n  t h e  substance.  
th ickness  of 100, t h e  e f f e c t  of "accumulation" leads  t o  a s i g n i f i c a n t  i nc rease  
i n  t h e  r a d i a t i o n  dens i ty  -- t h e  source  func t ion  exceeds t h e  value Bo by a fac- 
t o r  of more than 2.  

/14 

A s  may be seen,  t h e  numeric- 

For t h e  middle of a prominence having an o p t i c a l  

The e f f e c t  of "accumulation" of quanta  i n  t h e  c e n t r a l  regions of t he  prom- 
inences is shown i n  Figure 6 as a func t ion  of t h e  logari thm of t h e i r  o p t i c a l  
thickness .  The minimum value  of t h e  source  func t ion  corresponds t o  T~ = 1, 

which could have been expected, s i n c e  an o p t i c a l  th ickness  equa l l ing  un i ty  
corresponds t o  t h e  mean f r e e  pa th  of a quantum. 
t i o n  equals  B o ,  o r  i s  smaller than t h i s  va lue  by several percents .  With an /15 
inc rease  i n  t h e  o p t i c a l  th ickness  of t h e  prominence, i t  r ap id ly  becomes l a r g e r .  
W e  should po in t  out  t h a t  t h e  e x t e n t  t o  which t h e  quanta  are "accumulated" is 
determined by t h e  r a t i o  B ( T ) / B ~ .  However, i n  o rde r  t o  determine t h e  r o l e  of 
d i f f u s e  r a d i a t i o n  i n  e x c i t a t i o n  of hydrogen atoms, w e  may f i n d  t h e  r a t i o  

For -c0 < 3 ,  t h e  source func- 
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B(.r)/g(.r) which is 100 times g r e a t e r  than the  q u a n t i t y  given above. For exam- 
p l e ,  f o r  a prominence having T~ = 100, t h e  number of quanta of d i f f u s e  radia- 
t i o n  i s  two and one-half o rde r s  of magnitude g r e a t e r  than the number of quanta 
of d i r e c t  s o l a r  r a d i a t i o n  reaching t h e  c e n t r a l  region of prominence. 

W e  thus  a r r i v e  a t  t h e  following important conclusion. The prominence is 
f i l l e d  with d i f f u s e  r a d i a t i o n  during resonance s c a t t e r i n g  of s o l a r  r a d i a t i o n  i n  
t h e  l i n e  Ha; the  g r e a t e r  i s  t h e  o p t i c a l  thickness  of t h e  prominence, t h e  l a r g e r  
is the  densi ty  of t h i s  d i f f u s e  r ad ia t ion .  The phenomenon of 'laccumulation'' of 
quanta i s  a l s o  observed when a prominence i s  i l l umina ted  from only one s i d e .  
Figure 5 p re sen t s  a graph of t h e  source func t ion  f o r  -r0 = 100 when a prominence 
i s  i l luminated from one s i d e .  J u s t  as previously,  t h e  computations w e r e  per- 
formed f o r  t h e  l i n e  of s i g h t  which i n t e r s e c t s  the prominence a t  a height  of 
30" above the  limb. 
reaches i t s  maximum value a t  a d i s tnace  of T 10 from t h e  plane which is il- 
luminated by the  Sun, and not i n  the  c e n t r a l  region of the  prominence. 
source funct ion is combined with i t s  mi r ro r  image, due t o  t h e  a d d i t i v i t y  of 
t h e  r a d i a t i o n  f i e l d s  w e  ob ta in  a source funct ion which corresponds t o  i l lumina- 
t i o n  of the  prominence by the Sun from both  s i d e s .  

I n  t h i s  case,  t h e  phenomenon of quanta "accumulation" 

I f  t h e  

P r o f i l e  of t h e  Line. ~~~ 

The p r o f i l e  of the  l i n e  Ha, which i s  emitted by a prominence as a r e s u l t  
of resonance s c a t t e r i n g  of s o l a r  r a d i a t i o n ,  may be computed from the  following 
formula 

i .e . ,  w e  are i n v e s t i g a t i n g  r a d i a t i o n  which leaves along t h e  normal t o  the  promi- 
nence plane.  
prominence has an o p t i c a l  thickness of T~ = 0.1; 1; 5 ;  10 and 100. 

sities p e r t a i n  t o  the  continuous spectrum of the  cen te r  of t h e  s o l a r  d i s c ,  and 
the  d i s t ances  of the  l i n e  from the  cen te r  may be expressed i n  Doppler h a l f -  
widths. The most c h a r a c t e r i s t i c  f e a t u r e  of t h e  t h e o r e t i c a l  p r o f i l e s  i n  t h e  
case of l a r g e  o p t i c a l  thickness  i s  t h e i r  saddle-shaped form, which is frequent- 
l y  observed i n  the  s p e c t r a  of prominences. When t h e  o p t i c a l  thickness decreas- 
es, t h e  p r o f i l e s  acquire  t h e  form of aGauss ian  curve. The a reas  of the  
l i n e  p r o f i l e s  i nc rease  with t h e  o p t i c a l  thickness .  This i s  n a t u r a l ,  s i n c e  the  
prominence absorbs and, consequently, r a d i a t e s  a g r e a t  dea l  of s o l a r  energy 
when 'c0 i nc reases .  

Figure 7 p re sen t s  p r o f i l e s  of the  l i n e  H, i n  t h e  case when t h e  
The inten-  

/16 

L e t  us compare the  r e s u l t s  obtained wi th  t h e  observations.  Table 2 pre- 
s e n t s  the  main c h a r a c t e r i s t i c s  of the  p r o f i l e s  shown i n  Figure 7 ,  as  w e l l  as 
t h e  observat ional  da t a  taken from (Ref. 14). 
t o  the  "horns'' of the  p r o f i l e .  The t o t a l  ha l fwid th  i s  measured i n  the  cross  
s e c t i o n  corresponding t o  ha l f  of t h i s  i n t e n s i t y .  
expressed i n  mill iangstroms of t h e  continuous spectrum of the  d i s c  cen te r ;  i t  

The "maximum i n t e n s i t y "  p e r t a i n s  

The equivalent  widths Ah are 
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is assumed t h a t  ,AhD equals  0.33 i. 
may be  seen, t h e  t h e o r e t i c a l  and obser- 
v a t i o n a l  p r o f i l e s  agree very c lose ly .  
For example, t h e  numbers cha rac t e r i z ing  
the t h e o r e t i c a l  p r o f i l e  i n  t h e  case of 
T~ = 10 coincide,  wi th in  an accuracy of 
%LO%, with  t h e  q u a n t i t i e s  Ima, IC, 2vk, 

and - obtained from observat ions.  

As 

AAD 

t h e  
t h e  

Figure 7 

Theore t i ca l  P r o f i l e s  of Ha; 

The observed p r o f i l e s  are frequent- 117 - 
l y  asymmetrical, and are d i s t o r t e d  by 
absorbing material l oca t ed  i n  the  l i n e  
of s i g h t  between t h e  prominence and t h e  
observer.  The l i n e  p r o f i l e  a l s o  assumes 

I n t e n s i t i e s  P e r t a i n  t o  t h e  
Center of t h e  So la r  D i s c .  e f f e c t  during t h e  random motion of ind i -  

an inco r rec t  form, dbe t o  the  Doppler 

v idua l  prominence sec t ions .  However, 
i t  is poss ib l e  t o  s e l e c t  the  parameters 

and T ~ ,  f o r  which t h e  t h e o r e t i c a l  p r o f i l e s  c lose ly  descr ibe  t h e  p r o f i l e s  of 
observed l i n e s .  It is  poss ib l e  t o  determine these  parameters by employing 
s imple formula 

I ,  = B ( 1 - e P V ) ,  (16) 
i n  which t h e  source func t ion  i s  constant  over t h e  e n t i r e  width of t h e  promi- 
nence. 
by t h e  do t t ed  l i n e .  As is  known, i t  has  a f l a t  apex. I f  t h i s  p r o f i l e  i s  drawn 
through t h e  apexes of t h e  "horns" (see Figure 8),  i t  c l e a r l y  represents  
wings of t h e  observed and t h e o r e t i c a l  p r o f i l e s  obtained from t h e  exact  
formula (15). This may be explained by the  f a c t  t h a t  formula (16) i s  obtained 
if t h e  mean value of t h e  source func t ion  is removed from under t h e  i n t e g r a l  
i n  t h e  exactformula.  

The p r o f i l e  descr ibed by formula (16) f o r  T~ = 10 is shown i n  Figure 8 

The parameters AAD and a l s o  T,, are i d e n t i c a l  f o r  these  

TABLE 2 

Theore t ica l  Data 
1 0.045 0.045 2.00 92 0.33 0.66 30 30 
.5 076 -076 2.80 218 33 0.92 72 30 . -. . . . . - - - . .. 

IO .O86 .Oi9 3.20 272 .33 1.06 90030 
100 .I38 .096 4.50 522 .33 1.50 173 30 

Observational Data 
5/27 1958 6 .065 .054 2.90 177 .44 1.28 78 15 

$17 1958 4 .062 .057 2.70 151 .37 .OO 56 40 
1019 1959 16 .046 .040 3.80 164 2 8  .06 46 20 

6 16 1958 8 .084 .073 3.08 249 .45 .42 112 43 
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I 

formulas. Therefore,  they may be  de te r -  
mined by the previous methods -- f o r  
example, by means of "six branch cuts' '  
(Ref. 13). 
given i n  Table 2 ,  along with t h e  obser- 
v a t i o n a l  d a t a  obtained by t h i s  method. 

The va lues  of AAD and T O  are 

Many prominences have an i r r e g u l a r  
form, and c o n s i s t  of i nd iv idua l  f i l a -  
ments, so  t h a t  t h e  d i r e c t  s o l a r  radia-  

t h e  prominence without  absorpt ion.  I n  
t h i s  connection, i t  i s  i n t e r e s t i n g  t o  
obta in  a s o l u t i o n  of t he  i n t e g r a l  equa- 
t i o n  f o r  t h e  l i m i t i n g  case -- f o r  uni- 
form d i s t r i b u t i o n  of t h e  r a d i a t i o n  
sources  over  t h e  prominence th ickness .  
The s t r e n g t h  of t h e  sources  thus  remains 
undetermined, s i n c e  -- i f  t h e  absorp t ion  
of s o l a r  r a d i a t i o n  is disregarded -- 
t h i s  leads  t o  an inne r  con t r ad ic t ion  i n  
t h e  formulat ion of t h e  problem. The 
source func t ion  i n  t h e  case of uniform 

--3 -2 -I 0 I 2 v t i o n  pene t r a t e s  t o  t h e  inne r  reg ions  of 

Figure 8 

Comparison of P r o f i l e s  Having 
F l a t  Apexes (16) f o r  -rO = 10 
with P r o f i l e s  Corresponding 
t o  Uniform D i s t r i b u t i o n  of t h e  
Sources and Corresponding t o  
t h e  Di s t r ibu t ion  According t o  
Figure 2.  

d i s t r i b u t i o n  of t he  energy sources  ( g ( ~ )  = const)  f o r  a prominence having - 118 
T~ = 10 i s  shown by t h e  dot ted  l i n e  i n  Figure 5, and t h e  p r o f i l e  of t h e  l i n e  i s  
shown i n  Figure 8. 
f i l e  having a f l a t  apex (16) i n  Figure 8. The m a x i m u m  of t h e  source func t ion  
and, consequently,  t h e  d ip  i n  t h e  center  of t h e  l i n e  are much more apparent 
than i n  t h e  f i r s t  v a r i a t i o n  of t h e  ca l cu la t ions .  This p r o f i l e  w a s  no t  compared 
with t h e  observed p r o f i l e ,  because the  c e n t r a l  i n t e n s i t y  and t h e  equiva len t  
width ( t o t a l  energy) w e r e  undetermined, s i n c e  t h e  s t r eng th  of t h e  sources  w a s  
assumed t o  be  a r b i t r a r y .  I n  t h i s  connection, i t  is  our opinion t h a t  t h e  com- 
par i son  of t h e  t h e o r e t i c a l  p r o f i l e  with t h e  observed p r o f i l e ,  which w a s  done i n  
(Ref. 3 ,  1 2 )  i s  a r b i t r a r y  t o  a c e r t a i n  ex ten t .  The s t r eng th  of t h e  sources  i s  
no t  given i n  these  s t u d i e s ;  t he re fo re ,  t h e  c e n t r a l  i n t e n s i t i e s  and t h e  equiva- 
l e n t  widths w e r e  no t  determined. 
was assumed i n  these  s t u d i e s ,  t h e  e l e c t r o n  concent ra t ion  w i l l  be  too  s m a l l  f o r  
recombination r a d i a t i o n  i n  t h e  l i n e  Ha. 
formula given i n  (Ref. 12)  f o r  computing t h e  p r o f i l e  i s  n o t  app l i cab le  t o  prom- 
inences,  s i n c e  i t  p e r t a i n s  t o  t h e  r a d i a t i o n  of t h e  e n t i r e  sphere  which is used 
as t h e  model, whereas observat ions are customarily made of t h e  spectrum from a 
s m a l l  s e c t i o n  of t h e  prominence, which i s  de l inea ted  by t h e  spectrograph s l i t .  

For purposes of comparison, w e  show t h e  corresponding pro- 

A t  an e l e c t r o n  temperature of 5000°, which 

W e  should a l s o  po in t  out  t h a t  t h e  

* * * 

It follows from t h e  s ta tements  presented above t h a t  t h e  t h e o r e t i c a l  pro- 
f i l e s  of t h e  l i n e  Ha, computed f o r  d i f f e r e n t  models of a prominence, d i f f e r  
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very l i t t l e  from each o ther .  
a prominence having t h e  form of a f l a t  p l a t e  are very s i m i l a r  t o  t h e  p r o f i l e s  
computed by Sobolev (Ref. 12) f o r  t h e  model of a s p h e r i c a l  prominence. Since 
w e  do no t  know t h e  form and p r e c i s e  s t r u c t u r e  of each given parameter, t h e r e  
i s  no po in t  i n  performing a c a r e f u l  computation of t h e  t h e o r e t i c a l  l i n e  p ro f i l e ,  
and w e  may confine ourse lves  t o  t h e  r e s u l t s  obtained above. 

I n  a c t u a l i t y ,  t h e  p r o f i l e s  which w e  obtained f o r  

The hypothesis  w a s  advanced i n  t h e  s tudy mentioned above t h a t  i l l umina t ion  
of t h e  prominence i n  t h e  l i n e  Ha is  resonance s c a t t e r i n g  of s o l a r  r ad ia t ion .  

This hypothesis  enables  us ,  without  any a d d i t i o n a l  assumptions, t o  c a l c u l a t e  
n o t  only t h e  form of the  l i n e ,  b u t  a l s o  t h e  t o t a l  energy r ad ia t ed  by t h e  promi- 
nence i n  t h i s  l i n e .  The ca l cu la t ed  i n t e n s i t i e s  of t h e  "horns" f o r  saddle- 
shaped p r o f i l e s ,  as w e l l  as t h e  c e n t r a l  i n t e n s i t i e s ,  may be  expressed -- with- 
out  formulat ing a d d i t i o n a l  hypotheses -- i n  u n i t s  of t h e  continuous spectrum of 
t h e  cen te r  of t h e  s o l a r  d i sc .  

The c e n t r a l  i n t e n s i t i e s  obtained t h e o r e t i c a l l y ,  t h e  i n t e n s i t i e s  of t h e  /19 
"homsl ' , the  ha l fwid ths  of t h e  p r o f i l e ,  and t h e  t o t a l  energ ies  
wi th in  an accuracy of 10-20%, t o  observat ions of prominences having t h e  corres-  
ponding o p t i c a l  thickness .  
t h e  l i n e  Ha i s  caused by resonance s c a t t e r i n g  of s o l a r  r a d i a t i o n .  It is  appar- 

e n t  t h a t  t h e  e l e c t r o n  concent ra t ion  
too  h igh ,  s i n c e  t h e  populat ion of t h e  t h i r d  level of t h e  hydrogen atom can- 
n o t  depend on e l e c t r o n  c o l l i s i o n s  and recombinations. 

correspond, 

Thus, t h e  t o t a l  energy r ad ia t ed  by a prominence i n  

and t h e  e l e c t r o n  temperature must no t  be 

Some of t h e  genera l  conclusions of t he  study may be employed t o  i n t e r -  
p r e t  t h e  i l l umina t ion  of prominences i n  o ther  l i n e s  i n  which t h e  o p t i c a l  thick-  
ness  i s  small .  It was shown t h a t  t h e  source func t ion  wi th in  t h e  prominence 
having t h e  o p t i c a l  th ickness  0 T~ Q 3 d i f f e r s  from r w by only a f e w  percents  

-- t h e  product of t h e  r e s i d u a l  i n t e n s i t y  of t h e  Fraunhofer l i n e  by t h e  d i l u t i o n  
c o e f f i c i e n t .  For l a r g e  o p t i c a l  th icknesses ,  t he  source  func t ion  i s  l a r g e r  
than t h i s  va lue  -- t h e  phenomenon of quanta  "accumulation" wi th in  the  promi- 
nence e n t e r s  t h e  p i c t u r e .  For a prominence having the  o p t i c a l  th ickness  of 
100, t h e  r a d i a t i o n  dens i ty  i n  t h e  c e n t r a l  regions i s  t w i c e  as high as t h a t  a t  
t h e  same poin t  i n  space where t h e r e  i s  no prominence due t o  t h i s  phenomenon. 

C 
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COMPARISON OF FAINT AND BRIGHT PROMINENCES 

N. N. Morozhenko 

As a result of analyzing hydrogen and metal 
lines, the values of the electron temperature, electron 
concentration, concentration of neutral hydrogen and 
effective thickness in hydrogenous and metallic filaments 
of bright prominences are obtained. Owing to lack of data, 
it is possible in faint prominences to determine only the 
limits of the change of these values in hydrogenous fila- 
ments. The distinction in the spectra of faint and bright 
prominences may be explained by the difference in optical 
thickness, which is as high as 2-3 orders in the hydrogen 
and ionized calcium lines. 

Observations have shown that during maximum solar activity there is a /21 
large amount of extended, comparatively bright prominences, which form long, 
dense filaments at the edge of the disk. The spec-tra of particularly dense 
prominences contain a large amount of lines of metals, helium, and hydrogen 
up to H and higher. 20 

The faint prominences, as a rule, appear during minimum solar activity. 
The H and K lines of ionized calcium are observed in their spectra, as well 
as the faint line D of helium, the hydrogen lines H -- of normal bright- 3 c1 

ness -- and the lines of H and H which are considerably fainter. The 
intensity of the line H is insignificant; this line does not develop even 
at large exposures in spectrograms of the faintest prominences. In order to 
clarify the difference between the spectra of bright and faint objects, we 
selected the three brightest prominences (1, 2, 3) which were observed on 
July 13, 1960, July 24, 1960, September 24, 1961, respectively, and four very 
faint prominences (I, 11, 111, IV), which were observed on September 13, 1962, 
September 18, 1962, June 21, 1963, June 28, 1963. 

B Y 
6 

Hydrogen FiAments of Bright Prominences 

Let us investigate the hydrogen spectrum and physical conditions in 
hydrogen filaments of bright prominences. Table 1 presents the results 
derived from measuring the hydrogen lines (optical. thicknesses T O  in the lines 
from Ha to H ) and the Doppler halfwidths A X D  

the population of the 3-9& levels of hydrogen atoms, which were 
found by the method of Conway. 
halfwidths AX / A  of the lines Ha - H16. The Doppler halfwidths from H10 
to H16 were determined according to the 

of the lines, which pertain to 

This table also presents the relative Doppler 

g 

/23, 
D 

halfwidths of these lines. 

In this study we determined the electron temperatures of hydrogen 
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TABLE 1 

90.00 

12.00 

4.20 

2.00 

1.10 

0.75 

0.50 

0.36 

0.22 

0.17 

0.13 

0.10 

0.08 

0.07 

0.250 3.82 

.180 3.71 

.153 3.52 

.145 3.54 

.135 3.39 

.133 3.43 

.130 3.39 

.130 3.42 

.130 3.45 

.135 3.60 

.140 3.78 

.150 4.04 

.150 4.05 

.150 4.06 

4.97 

1.88 

1.74 

1.61 

1.54 

2.52 

3.00 

- 
- 
- 
- 
- 

- 

31.00 0.274 

- - 
1.42 .170 

0.67 .158 

- - 
0.20 .150 

- .144 

- .150 

- .158 

- .I67 

- .171 

- .167 

- - 
- - 

4.18 

- 
3.90 

3.87 

- 
3.87 

3.75 

3.95 

4.20 

4.46 

4.59 

4.50 

- 
- 

3.96 - - 
- - 

1.84. - - 
1.92 2.60 0.180 

- 0.70 ,162 

__ 2.80 - 
- 0.50 .156 

- 0.35 .166 

- 0.25 .I73 

- - .I78 

- - .183 

- - .193 

- - .198 

- - - 

- 
- 
- 

4.40 

4.08 

- 
4.06 

4.36 

4.59 

4.76 

4.93 

5.18 

5.35 

- 

- 
- 
- 

2.04 

3.44 

- 
3.58 

4.12 

5.20 

- 
- 
- 
- 
- 



f i laments  based on t h e  magnitude of t h e  r a d i a t i o n  f l u x  i n  t h e  l i n e  L 

boundary of t h e  Earth's atmosphere. According t o  d a t a  der ived from rockets ,  
t h i s  f l u x  comprises 4-6 erg/cm2*seconds. The temperature of L - r ad ia t ion  T L '  

a a 
at t h e  boundary of t h e  photosphere i s  thus  found t o  equal  7000-7200', and a t  

t h e  a l t i t u d e  of t h e  prominence i t  is about 6800-7000'. 

a t  t h e  a 

Figure 1 

Comparison of Observations (Dots) with Theore t ica l  Curves f o r  

t he  Dependence of - on the  Number of t h e  Line AXD 
x 

Assuming t h a t  t he  f l u x  of L - r ad ia t ion  does no t  change when penet ra t ing  t h e  

prominence, and under t h e  condi t ion  t h a t  Te = TL, (Ref. 8 ) ,  w e  obtained the  

e l e c t r o n  temperatures of  hydrogen f i laments  of t h e  prominences equal l ing  7000". 

a 

The inf luence  of t h e  S tark  e f f e c t  upon t h e  higher  terms of t h e  Balmer 
series was u t i l i z e d  t o  determine t h e  e l ec t ron  concentrat ions i n  hydrogen f i l a -  
ments of b r i g h t  prominences. Graphs showing t h e  dependence of A x D / x  on the  
number of t h e  l i n e  f o r  prominences 1, 2 ,  3 w e r e  compared wi th  t h e o r e t i c a l  
curves presented i n  (Ref. 10 ) .  These curves w e r e  compiled on t h e  assumption 
of expansion of t he  l i n e  by t h e  S ta rk  e f f e c t .  Figure 1 shows t h a t  t h e  bes t  
agreement wi th  the  t h e o r e t i c a l  curves i s  obtained i n  t h e  case of n 

prominences 1 and 2,  and i n  t h e  case of n 

= 1012 f o r  e 
= 1 0 l 2 * l  f o r  prominence 3 .  e 

For Te = 7000" ,  according t o  t h e  t a b l e  given i n  t h e  a r t i c l e  by V .  M. 

Sobolev (Ref. 7 ) ,  w e  may s e l e c t  t h e  concent ra t ion  of n e u t r a l  hydrogen atoms 
nl = 1.7*1014 a t  which t h e  e l e c t r o n  concentrat ions (obtained from t h i s  t a b l e  

and determined according t o  t h e  S ta rk  e f f e c t )  a r e  equal .  
of T L ~  and N 2 ,  w e  may employ t h e  Boltzmann formula t o  determine t h e  amount of 

hydrogen atoms i n  t h e  ground s t a t e  N 

along t h e  l i n e  of s i g h t ,  and t h e  e f f e c t i v e  th ickness  of hydrogen f i laments  h 
i n  b r i g h t  prominences. 

I f  w e  know t h e  values& 

2 i n  a column wi th  a base  of 1 cm 1 

This  th ickness  equals  5.106 cm on t h e  average (Table 2). 
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TABLE 2 

1.61 
0.57 
1.92 

h. 10-7 
.~ .. 

0 8  
0 . 3  
0.6 

_ _ _  ._ 

Hydrogen Fil-aments-f_Faint Prominences 

Table 3 presents the results derived from measuring hydrogen lines of 
faint prominences. A comparison of the parameters T O  of bright and faint 
prominences shows that bright prominences are considerably more dense -- T O  is 
50-100 times greater in them than in faint prominences. 
differ only within the limits of the errors with which they are determined, 
which indicates that the mechanism by which hydrogen is excited in prominences 
of both types is the same. 

The ratios of Ni/N2 

Faint prominences may be investigated in a similar manner. Since there 
are no specific data on the change in the intensity of L -radiation as a 
function of the cycle of solar activity, we employed the same values of 
electron temperatures for faint prominences, which were observed in 1962-1963, 
as for bright prominences -- Te = 7000". The number of neutral hydrogen atoms 

N was found based on the known number of hydrogen atoms in the second quantum 
state N2 for faint prominences. This number proved to be almost two orders of 

magnitude smaller than for hydrogen filaments of bright prominences. 
different values of the effective thicknesses given, we may determine certain 
values of the hydrogen atom concentrations n 

of N1. 

hydrogen atom concentrations, by means of the well known T 

c1 

1 

With 

based on the determined values 1 
We may find different values of the electron concentrations for the 

and TLa according e 
to Table 5 given in (Ref. 7). Table 4 presents the results derived from 
studying the hydrogen lines of faint prominences. 
v presents the values of turbulent velocities in the hydrogen filaments of 

faint prominences, which were determined according to the known A I D  and T . 
The column with the index 

t 
e 

fil 
101 

It may be seen from Table 4 that when the effective thickness of hydrogen /25 
.aments changes from lo9 to l o 5 ,  the electron concentrations change from 
-O to There is no possibility of determining the electron concentra- 

tions independently for faint prominences, as is done for bright prominences. 
At an effective thickness of h = 10 cm,which is obtained for bright prominences, 
n is of the order If it is assumed that the values of n in hydrogen 

7 

e e 
filaments of bright and faint prominences are the same (of the order we 
must then assign a value of h=lO5 cm for the effective thicknesses of hydrogen 



TABLE 3 
-. 

I -.-Prominence I 

H, 1.50 0.300 5.50 

- -  - _._. . 

1.70 0.295 5.36 3.00 0.347 4.07 

l-lg 0.20 0.220 2.37 0.20 0.205 3.52 0.42 0.255 2.77 

H, - - - 0.05 0.183 4.2Y 0.10 0.226 5.41 

-- ___- 
Prominence IV - 

I I 

- -  

1.30 0.295 4.62 

0.30 0.225 1.19 

0.07 0.200 2.29 

filaments of faint prominences. 
and h = lo8 - lo7 cm, which coincide fairly well with the data provided by 
other authors. 

We may select the values of n = 1010 - 10l1 
e 

An investigation of the hydrogen lines of bright and faint prominences 
has shown that the physical conditions in the hydrogen filaments of these 
prominences are almost the same. 
spectra of bright and faint prominences may be primarily explained by the 
great difference between the optical thicknesses of hydrogen filaments. Self- 
absorption in bright prominences weakens the observed intensity of radiation 
of the line Ha by almost two orders of magnitude, whereas there is practically 
no self-absorption in this line in faint prominences. Therefore, if the 
observed intensities Ha in prominences are almost identical, with an increase 
in the number of the line the difference between the intensities becomes in- 
creasingly larger, as the self-absorption decreases in the bright prominences. 
As a result of this, we may trace the hydrogen lines in the bright prominences /26 
up to H20 and above, whereas the line H6 is barely visible in faint prominences. 

The differences in the nature of the hydrogen 

1-I 
P, 

1 
I 1  

I I1 
I v 

- -. 

3.2 11.8 
2.9  , 1 . 6  
6 .8  3.9 
3.6 I 2.1 

. 
2 
5 - c 
_ _  
1.8  
1.6 
3.9 
2.1 

-z- 
I 
0, 

c" 

2 .0 
1.8 
3 .6  
2.3 

TABLE 4 

A 
c) 
a, 
v) 

3 
s 
7.5 
7.0 
0.9 
7.0 

- 

Metallic Filaments of Bright Prominences 

The lines H and K of ionized calcium and D D of sodium were selected, 1' 2 
in order to study the metallic filaments in bright prominences. 
present the results derived from analyzing these lines according to the method 

Tables 5 and 6 
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of Conway. 

Lines of ionized calcium in bright prominences were studied in (Ref. 3 ) .  
It was established that the opitcal thicknesses of the prominences in this line 
have values on the order of 1 0 3 .  

In our study, we disregarded any assumptions regarding the location of 
the metallic line luminescence, and also examined the lines D and D of 1 2 
sodium. The equation of the ionization equilibrium was solved for sodium. 
When this equation was formulated, we took into account photoionization and 
ionization by electron collision from the levels 32P and 3 2 S ,  and recombi- 
nations at all the levels indicated in Figure 2. In addition, we determined 
the number of photoionization events from the levels 4 2 S ,  42P and all the 
levels lying above, in the form of level 5 with the ionization potentialx5 = 
= 1.24 ev. The photoionization cross section from this combined level, which 
was advanced by S. V. Moskvin (Ref. 4 ) ,  was assumed. The photoionization cross 
sections from the levels 3 2 S ,  32P, 4 2 S ,  42P were taken from the tables given 
by Allen (Ref. 1). 

Calculations have shown that the number of photoionization events from 
the level 32P is five times greater than from the main level 3 2 S ,  whereas 
photoionization from the levels 42fi and 42P and above may be disregarded. 
number of photoionization events was computed according to the following 

The 

formula 

I 
I 

TABLE 5 

D,Na 

. . _ _ ~ -  

1 1800 0.043 4.05 1.54 0.35 

2 1300 0.053 3.95 1.40 0.55 

3 2000 0.075 19.50 2.90 0.48 

I 

0.072 3.90 

0.073 3.80 

0.100 8.80 

- I27 

I 
I 

0.76 0.072 5.80 4.66 

0.91 0.073 5.60 6.50 

0.98 0.100 12.20 8.60 

where ni, ki, vi, xi represent, respectively, the population, the photoioniza- /28 
tion cross section, the limiting frequency of the series, and the ionization 
potential from the ith level; N and T represent, respectively, the dilution 
and temperature of ionizing radiation. 
was computed according to the Planck formula for different levels 

The temperature of ionizing radiation 
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I 

111 2.10 0.135 

IV 0.90 0.095 

4.8.10' 3.90 0.140 6.5.104 1.12.1013 

1.5.10' 1.75 0.090 2.0-104 3.24.10" 

,. . 

0.95-1013 10.2 

5.00 - 10" 6 . 9  

where I is the intensity of the continuous solar radiation beyond the limit of 

the series of the given level; is the limiting wavelength of the series. The 
value of I for the series limit of level 3 2 S ,  having the wavelength X = 2412 & 
was taken from the study by G .  M. Nikol'skiy (Ref. 5); its value for the series 
limits of the remaining levels was taken from (Ref. 1). Different tem eratures 

42S and 42P - 4700,  5000,  4000,  3500° ,  respectively. 

0 

Q 

were obtained for the radiation producing ionization from the levels 3 3 S, 32P, 

The equation of the ionization equilibrium was written in the following 
form (we have employed the indexes (1) and (2) to designate the levels 32S and 
3 2 ~ ,  respectively) m 

I -  1 

where 

Z':) and Z';) is the number of photoionization events from the levels 3 2 S ,  32P; 

2:;) and 2 " )  -- the number of ionization events by electron collision from 
the same levels, which are determined according to the following formula 

R~ is the sum of recombinations at every level, taken from (Ref. 4 ) ;  
1-1 

ct 

2 
0 

The values of the ionization cross sections by electron collision qi = x ; ~ I T ~  
are: qi = 6.2~10-l~ cm2; q2 = 1.8.10-15 cm2. 
sodium ionization are given in Table 7 as a function of T and n . 

The values of the degree of 

e e 
In order to make a comparison with observations, we computed the number 0f /29  - 

2 1  



TABLE 7 

4000 2.00.10i 
6000 2.69 - 1 Os 
8000 3.26. IOs 
10000 4.15.105 

z.oo.101 2.00.103 2 00.10* 2.10. IO 
2.70.10' 2.70 * 1 O3 3.50- 10' I .08- 102 
3.34.10' 4.20.103 12.8 *IO* 9.90-10* 
4.60.10' 8.94-103 52.3 -10' 4.86.10' 

S P 

atoms of neutral sodium and sodium 
which was ionized once. The total 
number of neutral sodium atoms Na in 1 
metallic and hydrogen filaments was 
obtained, based on the optical thick- 
ness of the prominences in the reso- 
nance lines D and D which were 

analyzed according to the Conway method. 
1 2' 

The number of ionized sodium atoms 
may be determined from the data on the 
chemical composition of the solar 
atmosphere. This method was employed 
in (Ref. 3) to determine the abundance 
of calcium atoms in the metallic 
filaments of prominences. This method 
is based on the fact that such elements 
as Na, Ca, Ti, Sr, in prominences are 
primarily found in a state, which has 
been ionized once, both in hydrogen 
and metallic filaments. Therefore, the 

elements determines their total (in metallic 

Figure 2 

Diagram Showing the Levels 
of a Neutral Sodium Atom 

number of ionized atoms of these ! ,  

and hydrogen filaments together) abundance in the prominences. The lines 
Ti+3761, Ti+3759 and the resonance lines Sr+4078, Sr+4215 may be readily 
analyzed by the Conway method. 
a fairly reliable determination of the number of ionized atoms and, conse- 
quently, the total abundance of these elements in the prominences. 
the data on the relative chemical composition of the solar atmosphere (Ref. 9 ) ,  
based on the abundance of titanium and strontium we may determine both the 
total abundance of hydrogen, and the total abundance of calcium and sodium, 
and therefore the total number of ionized calcium and sodium in the promi- 
nences being studied. The data thus obtained are given in Table 8. 
to obtain the number of atoms of neutral and ionized sodium in hydrogen and 
metallic filaments separately, as the first approximation we assumed that 
hydrogen only emits The populations N2, which were 

Their optical thickness may be used to provide 

Employing 

In order 

in hydrogen filaments. 
determined on the basis of the optical thickness of the hydrogen lines, and 
the values of N1, which are given in Table 2 and which were obtained according 
to the Boltzmann formula, represent the number of hydrogen atoms In the second 
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TABLE 8 
. -. _..- ~ 

Promi- I 
nence Sr? IO-" Ti' * IO-'' H,. IO-'' C a t .  Na,f. IO-'' Na,. IO-" 
Number/. - I I . .I .. .A . . . .. I . 

1 0.52 0.43 1.10 1.5% 2.20 4.66 
2 0.29 0.59 1 .oo 1.40 2.00 6.50 
3 0.96 0.83 2.06 2.95 4.12 8.60 

Average 0.60 0.61 I .39 1.95 2.77 6.59 
- -_ ... . . . - _. -~ __ - - 

15 
and ground states only in hydrogen filaments. The value of Na+ = 1.83.10 , 130 
which was calculated according to N and according to data on the chemical 1 
composition of the solar atmosphere, also represents the number of ionized 
sodium atoms only in hydrogen filaments. Since the values of the electron 
temperature and the electron concentration in hydrogen filaments are known, we 
may employ Table 7 to find the number of neutral sodium atoms Na = 3.7.1012 

in hydrogen filaments. This number is almost one order of magnitude greater 
than the observed number (Na ) = 6-1011 (see Table 5 ) ,  which represents the 
total number of neutral sodium atoms both in hydrogen and metallic filaments 
together. 

- 

1 

1 0  

Since the inequality Na > (Nal)o has no meaning in physical terms, the 

conditions in the hydrogen filaments of the prominences to be studied may be 
characterized by somewhat different values of T and n which are different 

from those which we employed to determine n 

V. M. Sobolev. It is impossible to change the value of the electron density 
n 

However, the electron temperatures of 7000" which we assumed for hydrogen 
filaments may be incorrect. Based on these considerations, we computed the 
number of neutral sodium atoms for several values of the electron temperature 
of hydrogen filaments in the case of n Table 9 presents the results e 
derived from calculating 3 , 

a certain "average" prominence for different values of T 
Table 10 presents the recalculated values in metallic filaments of an "average" 
prominence, which were obtained as the difference between the total content 
of the element in the prominence and its content in hydrogen filaments. The 
total content of the elements in an "average" prominence was taken from the 
column titled ''average" in Table 8. 

1 

e e' 
according to Table 5 given by 1 

= 1012 significantly, since it is determined according to the Stark effect. e 

= 1012. 

N1, Cal, Na;, Nal/Na + in hydrogen filaments of 1 
nl 

(and also of TLa). e 

It may be seen from Table 9 that the condition Nal \< (Na ) is fulfilled /31 1 0  
in the case of T 
be selected, since in the case of T > 10,OOOo electron collision begins to 

have a considerable influence upon hydrogen excitation. 

= 7800 - 10,OOOo. Higher electron temperatures should not e 
e 

Temperatures of 
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TABLE 9 

7500 ai.72-10-7 3.76*10" 5.26.10" 7.53.10" 5.61 -102 1.34-10" 
7800 6.60.10-7 ..12-1UZ0 2.97.10" 4.25.10'' 7.59. IO* 5.60.1U" 
8000 1.r .10--6 1.40~10'' 1.96-1014 2.80.10" 8.90.102 3.15.101' 
8.500 2.40.10-5 S.83.101s 8.18-1013 1.17.101' 1.4.5.103 8.07.IOlO - - - -  ._ 

9000 3. 6 .  I O  -6 3.8u.io19 5.3i.1013 7.60.1013 2.45.ih3 3.14.1010 
1 0 0 ~ 0  5. 2- 10-6 2.66. IO1" 3.72. IOl3 5.33-10'3 4.86. IO3 2.1 1.1010 

7800-8000" seem most probable to us, since they are closest to the temperature 
of L -radiation which we computed previously. a 

TABLE 10 

re ~Na1.lO-2ll Ca:.10-15 1 Na:.10--15 1 Na,.lO-11 1 5 - 10-3 

___ - ~______I___-- -- --___ __ 

Na, ~ _ _ _ _ _ _ _  ___. --_ 
- - 7500 1.01 1.42 2.02 

7800 1.18 1.65 2.35 1 .oo 23.50 
8000 1.25 1.75 2.49 3.44 7.24 
8500 1.33 I .87 2.65 5.78 4.57 
9000 1.35 1 .oo 2.69 6.28 4.28 

1 ~ 0 ~ 0  1.36 1.91 2.72 6.48 4.20 

Physical conditions in metal filaments were computed as follows. Table 7 
was used to determine the electron concentrations in metal filaments for 
several given values of the electron temperature in metal filaments depending 
on the degree of sodium ionization; these values were calculated for specific 
values of the electron temperature of hydrogen filaments. Assuming that 
T = T 
given in (Ref. 7) to determine the hydrogen concentration in the ground state 
n which provided the electron concentration which was already determined. 

The obtained concentrations of electrons and neutral atoms as a function of 
T are presented in Table 11 for different electron temperatures of hydrogen 
filaments, This same table presents the effective thicknesses of metal fila- 
ments, which were obtained by dividing the values of N1, taken from Table 10, 

and that the main electron supplier is hydrogen, we employed Table 5 e La 

1 

e 

by *I' 

Based on the data presented in Table 11, the conclusion may be reached 

In the case of T < 4000', hydrogen concentrations 

/33 
that the most realistic values for the electron temperature of metal filaments 
ranges from 4000-5000". 

in metal filaments become too large (n 2, lO15), and for Te > 5000' they are 1 
so small that the effective thickness of metal filaments is larger than the 
thickness of the entire prominence. Therefore, we may specify the following 
parameters for the physical conditions in metal filaments of bright prominences: 
Te = 4000-5000'; ne = 109-1010; nl = 1012-1014; h = 106-109. 

e 

However, these estimates were obtained on the assumption that hydrogen is 
only emitted in hydrogen filaments. Assuming that only half or 0.1 of the 
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TABLE 11 

! 
I 

h 
ne I 

! i I I 
h 

n1 I 

4000 7.8.108 

4500 8.9-104 

mo 1.0.109 

6000 1.2.109 

4000 4.5.10' 

4500 5.0*10° 

5000 5.5.109 

6ooo 6.8.10' 

7800" 

8.5*1013 1.4.10' 

4.8.10" 2.5-106 

2.2.10" 5.4.10" 

1 .o -10'0 1 .2.10" 

9000" 

3.0.10'5 4.5.105 

1.4.10" 9.7.10G 

8.5.10'' 1.6.10' 

2.5.10" 5 4.1 OD 

2.8.109 

3.1.10" 

3.3.10' 

4.1 . lo9 

4.6.10° 

5.3.109 

6.1 * 10' 

8.4.109 

5000" 

1.0.1015 1.2.106 

5.0.10'3 2.5.10~ 

3.1.10" 4.0.108 

1.1 - 10'' 1.2.10'0 

9500" 

3.1.10'" 4.4.10' 

1.4.10'" 9.4*10G 

8.6.10'' 1.6.108 

2.6 * IO" 5.3. lo9 

4.4 * 10' 

4.8.109 

5.2.10' 

6.3.10' 

4.7.10' 

5;6*10' 

6.8.10' 

1 .o. 10'0 

8500" 

2.5.10'6 5.3.105 

1.2. IO" 1 * 1 .lo' 

7.3.10'2 1.8.108 

2.3.10'' 5 :8 * 108 

10 000" 

3.1.10'' 4.4-105 

1.5.10'' 9.1.10'' 

8.6 - 10'' 1 .6 * 10' 

2.6.10" 5.2.10' 



I 
I 

observed energy of the hydrogen lines is emitted in hydrogen filaments, we 

e' obtain almost the same parameters n 

electron temperature of hydrogen filaments is displaced to 7500 or 7000°, 
respectively. Under the conditions that T = T = 4000-5000"; ne = lOg-lO10; 

, the degree of hydrogen excitation is too low, and radiation of n = 10 
hydrogen in the metallic filaments is four orders of magnitude lower than the 
observed radiation. Therefore, this study presents calculations in the form 
of definite tables, which are compiled on the assumption that hydrogen is 
mainly emitted in hydrogen filaments. 
7), we may select a concentration of neutral hydrogen which provides an 
electron concentration of n e 
filaments of 8000". If we know the concentration and number of hydrogen atoms 
in the ground state, we may find the effective thickness of hydrogen filaments 
of the prominences being studied. The quantities N1, n n and h computed 

for the temperature T = 8000" are given in Table 2. The values of N2 which 

are given in this table were obtained on the basis of the optical thickness 
of the hydrogen lines. 

nl and h, but the lower boundary of the 

e La 12-1014 
1 

According to the tables given in (Ref. 

= 1012 for the electron temperature of hydrogen 

e' 1' 

A comparison of the data presented in Tables 9 and 10 shows that the 
content of hydrogen, ionized calcium, and ionized sodium in metal filaments 
of bright prominences is one-two orders of magnitude higher than in hydrogen 
filaments. 

Metal Filamgnts- of Faint Prominences 

There are only very limited possibilities for studying the metal filaments 
of faint prominences. 
observed from the lines of the metals. In prominence I, these lines have a /34 
composite profile, consisting of several profiles which are superposed upon 
each other and each of which is displaced with respect to the other. In 
prominence 11, the lines H and K are overexposed. 
not be analyzed with the requisite accuracy, we did not investigate them. 
profiles of lines H and K in prominences I11 and IV were analyzed according 
to the Conway method. 
Table 6 .  It may be seen from the table that the optical thicknesses in the 
lines H and K in faint prominences are small, and only amount to several units, 
i.e., they are two-three orders of magnitude smaller than in faint prominences. 
The turbulent velocities presented in the table agree fairly well with the 
turbulent velocities of hydrogen filaments of faint prominences (see Table 4 ) .  
The heading (Ca+) 

1 0  
atansin faint prominences determined according to the optical thickness of 
the lines H and K. 
atoms which are only contained in the hydrogen filaments of these prominences. 
They were determined from the hydrogen content at a temperature of 8000" and 
from data on the chemical composition. If we 
take the fact into account that the turbulent velocities in hydrqgen and 
metal filaments of faint prominences also coincide fairly well, we may reach 

Only the lines H and K of ionized calcium may be 

Since these lines could 
The 

The results ,derived from the analysis are presented in 

in Table 6 designates the total amount of ionized calcium 

The adjacent column gives the amount of ionized calcium 

These values almost coincide. 
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the conclusion that the observed lines H and K of faint prominences are emitted 
primarily in hydrogen filaments. This means that the calcium content (and 
consequently the content of the remaining elements) in metal filaments of faint 
prominences is considerably lower than in hydrogen filaments (in contrast to 
bright prominences). 
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RESULTS DERIVED FROM SPECTROPHOTOMETRY OF SEVERAL PROMINENCES 

M. Yu. Ze l 'd ina ,  A. N. Sergeyeva 

Spec t ra  w e r e  obtained f o r  fou r  b r i g h t  prominences wi th  
a d i spe r s ion  of 0.85 I/". The k i n e t i c  temperature,  Doppler 
hal€widths and t h e  populat ion of t h e  exc i t ed  l e v e l s  of  atoms 
of hydrogen, helium and metals are determined. 

This a r t ic le  r ep resen t s  a cont inua t ion  of spectrophotometr ic  research  on /36 
prominences which w a s  i n i t i a t e d  several yea r s  ago a t  t h e  Kiev Astronomical Ob- 
serva tory .  The s p e c t r a  were photographed on a mi r ro r  d i f f r a c t i o n  spectrograph 
wi th  a f o c a l  length  of 6 m and a g r i d  of 82 x 100 mm wi th  a d i spe r s ion  of 
0.85 8,/mm. The image of t he  Sun on the  spectrograph s l i t  w a s  about 73 mm i n  
d iameteqand t h e  width of t he  s l i t  w a s  0.045 mm. 
ployed wi th  a dimension of 12 x 24 cm, on which 13 s e c t i o n s  of t h e  prominence 
spectrum w e r e  p ro jec ted .  
100 1, and t h e  sec t ions  of t h e  d i s c  cen te r  spectrum had a dimension of 50 8,. 
Photography w a s  performed i n  t h e  t h i r d  series, and only Ha and D3 -- i n  t h e  

second series. A yellow (YS-16) , a green (SGS-18) and an u l t r a v i o l e t  (PS-11) 
f i l t e r  w e r e  employed. Exposure t i m e  w a s  as fol lows:  Ha -- 3 seconds,  sodium 

doublet  -- 10 seconds, green magnesium t r i p l e t  -- 40 seconds,  t h e  remaining 
l i n e s  i n  the  v i s i b l e  region -- 15 seconds, and i n  t h e  u l t r a v i o l e t  up t o  t h e  
l i n e  Ti+A 3685 8, -- 30 seconds. The spectrum of t h e  d i s c  cen te r  w a s  photo- 
graphed through a graduated o p t i c a l  wedge and a n e u t r a l  f i l t e r  (NS-9) with t h e  
same exposure t i m e s  as f o r  t he  prominences. The e n t i r e  program requi red  about 
6 minutes f o r  a prominence, and 7 - 8 minutes f o r  t h e  d i s c  center .  The p l a t e s  
were developed i n  a D-76 developer f o r  15 minutes a t  a temperature of 18OC. 
Since t h e  ca l ibra ted-s tandard ized  s p e c t r a  and t h e  s p e c t r a  of t h e  prominence 
w e r e  on t h e  same p l a t e ,  they w e r e  processed under i d e n t i c a l  condi t ions.  The /37 
t o t a l  d i f f u s e  l i g h t  of t h e  spectrograph w a s  very small ;  i t  comprised about 
0.2%. 

Rot-rapid p l a t e s  w e r e  em- 

Each of t h e  spectrum s e c t i o n s  had a dimension of 

The photometry of t h e  nega t ives  w a s  performed on aMF-4 recording micro- 
photometer under t h e  following condi t ions:  
ampl i f i ca t ion  -- a f a c t o r  of 20; s l i t  width -- 0.74 mm; s l i t  he ight  -- 3 mm; 
recording rate -- 25 mm/min. 
crophotograms obtained by means of a semi-automatic "Intensigraph" device.  

Transmission -- a f a c t o r  of 50; 

The i n t e n s i t y  curves w e r e  compiled from t h e  m i -  

I n  order  t o  exclude d i f f u s e  l i g h t ,  photometric c ross  sec t ions  w e r e  taken 
above the  prominence, where the re  w e r e  no emission l i n e s .  Since i t  w a s  neces- 
s a r y  t o  c o r r e c t l y  s u b t r a c t  t h e  spectrum of d i f f u s e  l i g h t  from the main spectrum 
according t o  wavelengths, 
s i d e s  of t h e  emission l i n e .  These Fraunhofer l i n e s  w e r e  subjec ted  t o  photo- 
metry, toge ther  with each of t h e  ind ica t ed  spec t r a .  
w e  w e r e  a b l e  t o  analyze t h e  spectrograms of f o u r  b r i g h t  prominences, i n  whose 
s p e c t r a  a l l  t h e  B a l m e r  l i n e s  from Ha t o  Hi2 - H20, i n c l u s i v e l y ,  w e r e  loca ted ,  

two sharp Fraunhofer l i n e s  w e r e  s e l ec t ed  on both 

By employing t h i s  method, 
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as w e l l  as many l i n e s  of helium and metals. 

~~. - ~~ 

Height 
Above Edge ness  Angle of Sun 

Pos i t i on  Bright- 

TABLE 1 

Transparency Date 

- 
65 E 

115 E 
245 W 

._ . .  

618 1959 
719 1959 

10128 1959 
6/23 1960 

_. 

- 30" V e r y  good 
3 20 Good 
3 30 S a t i s f a c t o r y  
3 135 and 50 Good 

- 
Standard 

T i m e  

gh50m 
9 40 

11 00 
9 25 

- 

- - . ~ . .  

Table 1 presen t s  t h e  da t e ,  t h e  t i m e  of observat ion given i n  s tandard  t i m e ,  
t h e  pos i t i ona lang le  from the  no r th  pole  of t h e  Sun, t h e  br ightness  according t o  
(Ref. 2 ) ,  t h e  d i s t ance  of t he  photometric c ross  s e c t i o n  from t h e  edge of t h e  
d i sk ,  and t h e  t ransparency c h a r a c t e r i s t i c s  of t h e  atmosphere a t  t h e  t i m e  of 
observat ion.  

Figures 1 and 2 present  t h e  p r o f i l e s  of a l l  t h e  prominence emission l i n e s  
observed between June 8 and Ju ly  9, 1959. 
t h e  instrument p r o f i l e  w a s  no t  taken i n t o  account;  i t s  t o t a l  halfwidth i n  t h e  
second series comprised 0.056 8, and 0.074 1 i n  t h e  t h i r d  series. 
t ies  are given i n  u n i t s  of the continuous spectrum of t h e  cen te r  of t h e  s o l a r  
disk.  The wavelengths are given i n  mil l imicrons.  The c e n t r a l  i n t e n s i t i e s  of 
t h e  l i n e s  are a l s o  presented.  For purposes of convenience, t he  p r o f i l e s  are I38 
presented so t h a t  they have t h e  same he ight  and t h e  s a m e  s c a l e  along the  ab- 
scissa axis. H may be c l e a r l y  d is t inguished  from a l l  of these  l i n e s .  It is  

two t i m e s  w i d e r  than H whereas i t s  c e n t r a l  i n t e n s i t y  d i f f e r s  by only 10-30%. 

The p r o f i l e  of Ha has two humps, and H There a r e  two s l i g h t  
B 

humps i n  t h e  K Ca+ l i n e .  

When t h e  spectrograms w e r e  analyzed, 

The i n t e n s i -  

a 

B Y  
has  a f l a t  apex. 

The major i ty  of t h e  l i n e s  i n  t h e  prominence spectrum have a Gaussian pro- 139 
f i l e  

I,=I,e-*. 

Therefore,  t h e i r  Doppler ha l fwid th  w a s  determined from t h e  following equat ion 
A.).D= 1.20A)i 1 , - 

2 

where AA is h a l f  of t h e  l i n e  halfwidth.  4 
The b r t g h t e s t  l i n e s  are d i s t o r t e d  by se l f -absorp t ion ,  and t h e i r  p r o f i l e s  140 

may be represented by t h e  following formula 

where -r0 is  t h e  o p t i c a l  th ickness  of t h e  prominence i n  t h e  cen te r  of t h e  l i n e .  

Self-absorpt ion w a s  taken i n t o  account by t h e  methods descr ibed i n  (Ref. 3) .  
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Figure 1 

P r o f i l e s  of the Emission Lines i n  t h e  Spectrum of a 
Prominence Observed on June 8, 1959. 

The o p t i c a l  th icknesses  obtained are given i n  Table 2. The f i r s t  column pre- 
s e n t s  t h e  parameters determined by means of t h e  ha l fwid th  curve (determined f o r  
a l l  t he  l i n e s  a t  once);  t h e  second column g ives  t h e  parameters determined ac- 
cording t o  t h e  p r o f i l e  width i n  s i x  c ross  s e c t i o n s  of each l i n e  separa te ly .  It 
may be seen from t h e  t a b l e  t h a t  t he  r e l a t i o n s h i p  between t h e  o p t i c a l  thickness- 
es,determined by t h e  second method f o r  t h e  B a l m e r  l i n e s  and t h e  H and K Ca+ 
l i n e s ,  does no t  correspond t o  t h e  number h f  -- t h e  product of t h e  wavelength by 
t h e  o s c i l l a t o r  s t r eng th .  I n  add i t ion ,  t h i s  method f requent ly  y i e l d s  Doppler 
widths f o r  H and H which are too  high as compared wi th  Ah / A ,  obtained ac- 

cording t o t h e  p r o f i l e s  of t h e  h igher  terms of  t h e  B a l m e r  series. Therefore,  
observat ions of t h e  emission l i n e s  w e r e  analyzed wi th  allowance f o r  T ~ ,  which 
w e r e  determined according t o  t h e  halfwidth curve. 

CL B D 

When t h i s  method is employed, i t  must be noted that  very l a r g e  o p t i c a l  
thicknesses  are obtained f o r  t h e  prominence i n  t h e  H and K Ca+ l i n e s  -- on t h e  
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Figure 2 

P r o f i l e s  of t h e  Emission Lines i n  t h e  Spectrum of a 
Prominence Observed on July 9 ,  1959. 

order  of a thousand. 
s i n c e  the  relative content  of calcium atoms i n  t h i s  case corresponds t o  t h e i r  
abundance i n  space.  
mean k i n e t i c  temperature (7000") and a t  t h e  same t i m e  equals  t h e  temperature of 
L - r ad ia t ion ,  w e  ob ta in  n /n 

presented i n  (Ref. 5 ) ,  %/nCa = 1.4' lo6 ,  and then  n 

g, = nl. C a  
t h e  prominences occurs i n  a s ta te  which has  been ionized once. 

However, they are apparent ly  c lose  t o  t h e  r e a l  values ,  

I f  w e  assume t h a t  t h e  e l e c t r o n  temperature  equals  t h e  /41  

= 1 . 8 0 1 0 - ~  f o r  hydrogen. According t o  t h e  da t a  

= 3 . 9  n i n  t h e  case of 
a 2 1  

C a  2 
I n  our case, n = 2.4 n2, i f  w e  assume t h a t  a l l  of t h e  calcium i n  

N. N .  Morozhenko (Ref. 1) a l s o  obtained a prominence o p t i c a l  th ickness  i n  
t h e  H and K Ca+ l i n e s  on t h e  o rde r  of one  thousand. 

on the o p t i c a l  th ickness  of prominences i n  titanium l i n e s  and based on da ta  on 

She determined T ~ ,  based 

31 



TABLE 2 

.. - . . . __- 
Promi- 
nence 

_ _ _ _  .. 

618 3959 44 5.8 2.0 0.9 3.4 7.0 
14 5.2 2.5 0.4 3.6 5.8 

719 1959 22 3.0 1.0 0.5 3.7 3.9 
14 4.0 0.9 0.6 3.9 3.5 

10128 1959 17 2.3 018 0.4 4.5 3.6 
7 2.1 1.6 0.8 4.5 5.0 

6 23 1960 16 2.2 0.7 0.3 3.7 2.8 
&ode 1 - 2.5 1.2 1.0 3.7 3.6 
Node 3 21 2.9 1.0 0.4 3.7 3.7 

- I.li 0.1 0.0 4.0 3.3 

91 182 1.3 1.8.10'4 

457 914 1.3 0.9.101* 

2.3 4.6 4.2 1.5-1015 

3.2 5.0 2.1 0.9.10'3 

3.5 4.5 2.4 1.0.10*3 

1.6 2.5 4.5 1.0~10'' 
480 960 1.4 1.0.10'' 

480 960 1.4 1.0.10" 
2.5 0.6 2.9 0.7.1013 

4.0 2.0 4.3 1.7.1013 

t h e  chemical composition of t h e  Sun. 
l i n e s  of t h e  u l t r a v i o l e t  doublet  of ionized calcium A X  3706 and 3737 A, whose 
lower l e v e l  42p i s  t h e  upper level f o r  H and K. 

I n  addi t ion ,  she  employed t h e  observed 

It fol lows from Table 2 t h a t  self-absorpt ion a t t enua te s  t h e  Ha l i n e  by a 

f a c t o r  of 10 - 20, and t h e  H 

are a l s o  somewhat a t tenuated .  I n  genera l ,  t h e  phenomenon of se l f -absorp t ion  i s  
even observed f o r  t h e  l i n e s  H 

t o  300 t i m e s ;  only f o r  a prominence observed on October 28, 1959, w a s  t h e  at- 
tenuat ion  s m a l l  -- only 2 - 3 t i m e s  i n  a l l .  

l i n e  by a f a c t o r  of 2 - 4;  t h e  H and Hg l i n e s  
B Y 

- Hll. The H and K Ca+ l i n e s  are a t tenuated  up 

Employing t h e  expression T~ = koN, w e  determined t h e  popula t ion  of t h e  

lower l e v e l  of hydrogen atoms and of ion ized  calcium along t h e  l i n e  of s i g h t .  
The va lues  obtained are given i n  Table 2. 
r e spec t ive ly ,  on t h e  average f o r  four  prominences. 

They comprise 4.2.1013 and L O * ~ O ~ ~ ,  

The r e s u l t s  der ived from analyzing observat ions of a l l  of t he  emission 
l i n e s  are presented i n  Table 3. 
t inuous spectrum of t h e  disk cen te r ,  t h e  t o t a l  ha l fwid ths ,  t he  Doppler h a l f - '  
widths ,  t h e  equiva len t  widths expressed i n  mil l iangstroms of t h e  continuous 
spectrum of the d i s k  cen te r ,  and the  number of exc i t ed  atoms along t h e  l i n e  of 
s i g h t  are given f o r  each prominence. The number of exc i t ed  atomswas calcu- 
l a t e d  according t o  t h e  following formula 

The c e n t r a l  i n t e n s i t i e s  pe r t a in ing  t o  t h e  con- 

where A is  t h e  equiva len t  width of t h e  l i n e ,  cor rec ted  f o r  se l f -absorp t ion  A 
when necessary.  

The q u a n t i t i e s  AX,/X obtained on t h e  b a s i s  of each p r o f i l e  s epa ra t e ly  are 

given f o r  t h e  B a l m e r  l i n e s .  It may be  seen from Table 2 t ha tyon  t h e  average, 
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TABLE 3 /42 

6563 H 
4861 
4340 
4102 
3970 
3889 
3835 
3798 
377 1 
.3750 
3734 
3722 
3712 
5876 H e  
4471 
3889 
5896 Na 
5890 
5184 Alg 
51 73 
5167 
3838 
3832 
3968 Cat 
3934 
3761 Ti+ 
3759 
3685 
3720 Fe 
51G9 Fc+ 
3075 Si-+ 

6563 H 
4861 
4340 
4102 
3970 
3889 
3835 

3798 
3771 
3750 
3734 
5876 He 
4471 
3889 
5896 Na 
5890 

Prominence 618 1959 
6.2 0.92 
4.5 0.48 
2.2 0.33 
I .6 0.26 
1.2 0.22 
0.62 0.25 
0.50 0.24 
0.23 0.24 
0.26 0.24 
0.17 0.21 
0.076 0.24 
0.070 0.17 
0.054 0.19 
2.9 0.18 
0.16 0.15 
0.26 0.17 
0.3 1 0.14 
0.59 0.14 
0.42 0.12 
0.22 0.14 
0.13 0.069 
0.35 0.1 I 
0.22 0.12 
2.1 0.22 
2.2 0.24 
0.40 0.10 
0.44 0.10 
0.46 0.10 
0.11 0.12 
0.14 0.079 
0.15 0.093 

Prominence 
4.3 0.88 
3.9 0.5 1 
1.2 0.32 
0.92 0.29 
0.85 0.25 
0.55 0.25 
0.27 0.25 
0.18 0.24 
0.13 0.22 
0.10 0.24 
0.12 0.22 
1.4 0.27 
0.076 0.19 
0.19 0.15 
0.47 0.18 
0.72 0.12 

4:O 
3.6 
3.1 
3.6 
3.5 
3.9 
4.0 
3.8 
3.9 
3.3 
3.9 
2.8- 
3.1 
1 .a 
2.0 
2.6 
I .4 
I .4 
1.4 
I .6 
0.80 
1.7 
I .9 
1.3 
1.3 
1.5 
1.5 
I .7 
2.0 
0.90 
1.4 

7 1 9  
3.8 
4.0 
3.8 
4.2 
3.9 
3.9 
4.0 
3.9 
3.7 
3.9 
3.6 
2.7 
I .5 
2.4 
1.8 
I .3 

69 
22 
7.3 
4.7 
2.9 
1.7 
1.3 
0.56 
0.58 
0.40 
0.33 
0.13 
0.09 
5.6 
0.26 
0.44 
0.43 
0.97 
0.54 
0.3 1 
0.14 
0.40 
0.27 
4.9 
5.9 
0.39 
0.43 
0.47 
0.13 
0.12 
0.14 

1959  
46 
21 
4.0 
2.7 
2.5 
1.5 
0.69 
0.46 
0.30 
0.27 
0.25 
4.2 
0.14 
0.32 
0.74 
1.2 

340 
122 
66 
76 
90 
94 
122 
92 
126 
124 
160 
88 
88 

1 .o 
0.17 
0.51 
0.088 
0.20 
0.13 
0.12 
0.16 
0.020 
0.0 15 
15 
32 
- 

0.024 
0.0 I4 
0.23 
0.0 12 
0.013 

127 
74 
27 
40 
65 
75 
60 
72 
66 
85 
119 
0.75 
0.11 
0.37 
0.15 
0.24 

/ 4 3  
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Continuation o f  TABLE 3 

5184 Mg 
5173 
5167 
3838 
3832 
3968 Ca+ 
3934 
3761 Ti+ 
3759 
3685 
3860 Fe 
3737 
3734 
3720 
5169 Fe+ 

6563 He 
486 1 
4340 
4102 
3970 
3889 
3835 
3798 
3771 
3750 
5876 He 
447 I 
3889 
5896 Na 
5890 

5184 M g  
51 73 
3838 
3968 Ca+ 
3934 
3761 Ti+ 
3759 
3685 

4861 13 
4349 
4102 
3970 
3889 
3835 
3798 
3771 
3750 
3734 

0.66 
0.44 
0.073 
0.24 
0.17 
1.7 
1.8 
0.37 
0.39 
0.49 
0.21 
0.12 
0.048 
0.18 
0.28 

5.2 
3.2 
1.6 
I .O 
0.71 
0.38 
0.24 
0.16 
0.10 
0.12 
3.1 
0.30 
0.30 
0.13 
0.29 

0.28 
0.12 
0.1 I 
1.5 
I .6 
0.14 
0.15 
0.15 

2.8 
I .6 
I .3 
1.1 
0.68 
0.40 
0.42 
0.23 
0.J 7 
0.18 

0.12 1.4 0.89 
0.14 I .6 0.66 
0.14 1.6 . 0.10 
0.1 I 1.7 0.29 
0.1 1 1.7 0.17 
0.25 1.3 
0.25 1.3 

4.7 
5.7 

0.087 1.4 0.39 
0.095 I .8 0.42 
0.081 1.3 0.54 
0.1 I I .7 0.2 1 
0.086 1.4 0.1 1 
0.087 1.4 0.043 
0.078 1.3 0.17 
0.15 1.9 0.42 

Prominence 10128 1959 
1.10 5.5 51 
0.50 4.5 16 . .. 

0.37 3.9 6.2 
0.37 4.8 4.3 
0.30 4.5 2.1 
0.27 4.2 0.98 
0.36 4.5 0.74 
0.29 4.6 0.48 
0.34 5.4 0.32 
0.2 1 3.4 0.27 
0.32 3.3 11.0 
0.18 3.0 0.58 
0.17 2.6 0.55 
0.28 2.8 0.44 
0.20 2.1 0.60 

0.2 1 2.5 0.61 
0.2 1 2.4 0.26 
0.14 2.1 0.15 
0.38 4.2 5.3 
0.46 4.2 7.6 
0.16 2.6 0.24 
0.17 2.7 0.28 
0.15 2.4 0.26 

Prominence 6 I 2 3  1960 
Node 1 

0.40 3.5 12.5 
0.29 3.3 5.4 
0.27 3.8 3.7 
0.25 3.8 3.2 
0.22 3.4 1 .% 
0.25 4.0 1 .o 
0.23 3.6 1.1 
0.27 4.3 0.60 
0.24 3.8 0.47 
0.26 4. I 0.46 

~,.10-9 

.- 

0.22 
0.26 
0.18 
0.014 
0.0096 

67 
153 
- 

0.023 
0.016 
0.65 

0.0096 
0.30 
0.045 

- 

122 
47 
40 
58 
58 
50 
64 
76 
69 
83 

1.9 
0.38 
0.64 
0.090 
0.12 

0.15 
0.1 1 
0.0074 
0.76 
1.76 

0.0 I5 
0.0077 

- 

37 
35 
50 
88 .~ 

92 
90 

170 
130 
140 
220 
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Continuation of TABLE 3 

- 
3722 
3712 
3704 
3697 
3692 
3683 
5876 I-Ie 
4471 
3889 
5896 Na 
5890 
5184 Mg 
5173 
3838 
3832 
3968 Ca+ 
3934 
3761 Ti+ 
3759 
3685 

3860 Fe 
3737 
3720 
4078 Sr+ 

4861 H 
4349 
4102 
3970 
3889 
3835 
3798 
3771 
3750 
3734 
3722 
3712 
3704 
3697 
3692 
3683 
5876 He 
4471 
3889 
5896 Na 
5890 
5184 Mg 
5173 
3838 
3832 
3968 Ca+ 
3934 

0.16 
0.10 
0.049 
0.045 
0.034 
0.029 
1.6 
0.15 
0.27 
0.14 
0.22 
0.095 
0.080 
0.2 I 
0.14 
2.5 
2.4 
0.37 
0.42 
0.44 

0.25 
0.16 
0.30 
0.18 

1.4 
I .o 
0.90 
0.65 
0.64 
0.44 
0.45 
0.32 
0.19 
0.19 
0.16 
0.12 
0.070 
0.057 
0.039 
0.039 
2.7 
0.18 
0.46 
0.14 
0.19 
0.12 
0.064 
0.22 
0.12 
I .9 
1.9 

2AA:, A 

0.19 
0.19 
0.22 
0.33 
0.29 
0.16 

3. 10' 
A 

3.0 
3.0 
3.5 
5.3 
4.8 
2.6 

0.26 2.7 
0.25 3.0 
0.17 2.6 
0.18 1.9 
0.14 I .5 
0.14 1 .6 
0.13 1.5 
0.17 2.6 
0.12 1.9 
0.28 1.4 
0.29 1.4 
0.16 2.5 
0.13 2.0 
0.16 2.5 

0.14 2.1 
0.069 1.1 
0.081 1.3 
0.18 2.6 

Node 2 
0.47 4.4 
0.30 4.0 
0.3 1 4.5 
0.31 4.6 
0.26 4.0 
0.25 4.0 
0.27 4.2 
0.21 3.3 
0.24 3.8 
0.23 3.8 
0.21 3.4 
0.22 3.6 
0.20 3.2 
0.31 5.1 
0.30 4.4 
0.20 3.2 
0.26 2.7 
0.21 2.8 
0.17 2.6 
0.24 2.4 
0.24 2.4 
0.14 I .6 
0.15 I .8 
0.20 3.0 
0.20 3.0 
0.29 1.4 
0.30 I .4 

A,, m i  

0.37 
0.23 
0.1 1 
0.15 
0.1 I 
0.054 
4.9 
0.36 
0.46 
0.24 
0.36 
0.14 
0.10 
0.34 
0.21 
8.4 
8.5 
0.59 
0.64 
0.74 

0.38 
0.16 
0.34 
0.34 

7.6 
3.5 
2.9 
2.2 
1.8 
1.2 
1.2 
0.71 
0.51 
0.44 
0.38 
0.28 
0.10 
0.16 
0.12 
0.075 
8.6 
0.38 
0.85 
0.33 
0.49 
0.18 
0.097 
0.39 
0.2E 
6.7 
7.0 

~~ 

250 
210 
140 
260 
240 
200 

0.88 
0.23 
0.53 
0.050 
0.074 
0.033 
0.042 
0.017 
0.0 12 

115 
214 
- 

0.036 
0.022 

1.1 

0.59 
0.033 

- 

26 
24 
42 
62 
96 ~~ 

106 
190 
150 
1 60 
220 
260 
270 
130 
270 
260 
270 

1.6 
0.25 
0.99 
0.068 
0.10 
0.044 
0.039 
0.019 
0.015 

89 
169 

35 
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Continuat ion of TABLE 3 

3761 Ti+ 0.41 0.15 2.4 0.70 
3759 0.47 0.16 2.4 0.78 
3685 0.49 0.18 3.0 0.92 
3860 Fe 0.23 0.14 1 .a 0.33 
3737 0.16 0.076 1.2 0.14 
3720 0.35 0.10 1.7 0.42 

- 
0.043 
0.027 
1 .o 
0.74 
- 

4078 Sr+ 0.12 0.22 3.2 0.23 0.022 

f o r  t h e  series, t h e  va lue  of t h i s  parameter i s  f a i r l y  c lose  t o  AhD/X, deter-  
mined on t h e  b a s i s  of t h e  halfwidth curve. 

The Doppler widths ,  obtained by these  same methods f o r  t h e  H and K l i n e s  /46 
of ionized calcium, d i f f e r  from each o t h e r  by a f a c t o r  of 2 - 3. 
age, t h e  Doppler width of t h e  hydrogen l i n e  equals  3.8-10'5, of t h e  helium 

On t h e  aver- 

l i n e  -- 2.5.10-5, and of m e t a l  l i n e s  -- 
t h e  spectrum of a prominence observed 
on October 28, 1959, w e r e  excluded i n  
t h e  ca l cu la t ion ,  s i n c e  they w e r e  2 - 3 
t i m e s  wider than a l l  of t h e  remaining 
l i n e s  of metals. 

(~3h3~ . i0~  1.9.10-5. The l i n e s  of H and K Ca+ i n  

The k i n e t i c  temperatures and turbu- 
l e n t  v e l o c i t i e s  were determined graphic- 
a l l y ,  f o r  hydrogen, helium, and metals 

l i n e s  H e  and H8, H and H Ca+ by p a i r s .  

The following formula w a s  employed f o r  
t h e  computation 

L I  I toge ther  (Figure 3 ) ,  and a l s o  f o r  t h e  

E 
0 a5 'P 

5 
Figure 3 

c -- 
Determination of Temperature and 
Turbulent Veloci ty  According t o  k C P 

-!!e-'= -1- ,,/ 2XT + vi 
All Elements f o r  Prominences : 

(x  -- Node 1, o -- Node 2)  ; 
under t h e  assumption t h a t  t h e  tu rbu len t  
v e l o c i t y  and t h e  k i n e t i c  temperature 
were t h e  same f o r  a l l  t h e  elements. 
Table 4 presen t s  t h e  r e s u l t s .  It may be 
seen from t h e  t a b l e  t h a t  t h e  k i n e t i c  
temperature of prominences equals  5000 - 

1 -- 10128 1959; 2 -- 6/23 1960 

3 -- 719 1959; 4 -- 618 1959. 

9000", and t h e  tu rbu len t  ve loc i ty  i s  4 - 7 .lqn/sec. 
according t o  H 
f e red  from these  va lues  due t o  the  l a r g e  width of t h e  H Ca+ l i n e .  

The parameters determined 
and H Ca+ f o r  a prominence observed on October 28, 1959, d i f -  

E 

The k i n e t i c  temperatures and tu rbu len t  v e l o c i t i e s  which w e  obtained,  as 
w e l l  as o the r  parameters,  cha rac t e r i z ing  the  s ta te  of matter i n  t h e  prominences, 
are c lose  t o  t h e  corresponding va lues  presented i n  (Ref. 4 ) .  This p o i n t s  t o  

/47 
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TABLE 4 
- . _ _ _  

Prominence 

5400' 3.9 
6500 3.9 
1500 12.6 

Node 1 63no 4.2 
Node 2 6300 4.2 

[it. 10-5. 

. . 

5 

3500" 6.8 
5700 5.4 
9700 4.6 

5000 6.4 
5000 6.4 

H8 and He 
- _ _  

Tkin W ~ . ~ O - ~  

According to 
All Elements 

.~~ 

5200' 4.4 
6500 3.9 
7700 7.0 

5400 6.2 
5100 6.5 

the general nature of physical conditions in different prominences. 
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MECHANISM OF HYDROGEN EXCITATION I N  PROMINENCE SURGES 

M. S. Geychenko 

The s teady  state equat ions are solved f o r  t h e  3rd,  
The populat ions 

e 

4 th  and 6 t h  hydrogen levels of surges .  
of t hese  levels w e r e  obtained i n  (Ref. 2 - 3). The 
va lues  of t h e  e l e c t r o n i c  concentrat ion n are ca lcu la ted .  
The mechanism of e x c i t a t i o n  of t h e  3rd,  4 th  and 6 t h  
hydrogen levels i n  surges  i s  photospheric  r a d i a t i o n  and 
r a d i a t i v e  recombination. This i s  determined by t h e  
absolu te  magnitudes of t h e  terms of these  equat ions.  

Up u n t i l  r ecen t ly ,  t h e  mechanism of gas e x c i t a t i o n  i n  prominence surges  / 4 8  
w a s  n o t  understood. The phenomenon of prominence surges  w a s  always r e l a t e d  t o  
f l a r e s  (Ref. 6 ) .  Since the  problem of f l a r e s  i s  s t i l l  f a r  from being solved,  
an i n v e s t i g a t i o n  of prominence surges  i s  of g r e a t  importance. This a r t ic le  
proposes a method f o r  determining t h e  mechanism of hydrogen e x c i t a t i o n  
prominence surges .  The method is  based on a q u a n t i t a t i v e  ana lys i s  of t h e  
s teady  s ta te  equat ions f o r  t h e  t h i r d ,  fou r th ,  and s i x t h  energy levels of  hydro- 
gen. The b a s i c  d a t a  employed a r e  t h e  previously determined (Ref. 1, 11) r a t i o s  
between t h e  populat ions of t h e  x / n 2  (k = 3, 4 ,  6) hydrogen levels of 20 promi- 

nence s u r g e s ( l 0  i n  absorp t ion  and 10 i n  emission).  
formul.ated,photorecombinations,absorption of photosphere r a d i a t i o n  ( t r a n s i t i o n s  
from t h e  lower levels t o  t h e  given l e v e l ) ,  spontaneous t r a n s i t i o n s  t o  t h e  lower 
levels, and photo ioniza t ion  w e r e  taken i n t o  account.  
t i o n s  f o r  t h e  3rd,  4 th  and 6 th  levels, divided by n2,  have t h e  following form 

i n  t h e  n o t a t i o n  which i s  customarily employed (Ref. 10) 

of 

When t h e  equat ions w e r e  

The s teady  s ta te  equa- 

The des i r ed  q u a n t i t i e s  are n and Te. These equat ions do no t  inc lude  terms 1 4 9  
which correspond t o  e l e c t r o n  c o l l i s i o n s  of t h e  f i r s t  and second kind,  ion iza-  
t i o n  by e l e c t r o n  col l is ion,L@an photospheric r ad ia t ion , " t r ip l e"  recombinations, 
and t r a n s i t i o n s  60 lower levels under t h e  in f luence  of t h e  r a d i a t i o n  f i e l d .  The 
f a c t  t h a t  t h e  Lyman photospheric  r ad ia t ion  i n  the  L L and L l i n e s  is d is -  

regarded may be explained by t h e  f a c t  t h a t  they are very f a i n t ,  and 

e 

6'  Y E 
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measurements of them are extremely u n r e l i a b l e  (Ref. 12).  A s imple inves t iga-  
t i o n  shows t h a t  t r a n s i t i o n s  t o t h e  lower levels under t h e  in f luence  of t h e  rad i -  
a t i o n  f i e l d  do n o t  p l ay  a s i g n i f i c a n t  r o l e  i n  t h e  populat ion of t h e  levels 
under considerat ion.  

I n  order  t o  determine t h e  magnitude of t h e  e l e c t r o n  c o l l i s i o n  of t h e  f i r s t  
kind when these  levels are populated,  we s h a l l  e s t a b l i s h  t h e  upper l i m i t s  f o r  
t h e  va lues  of n For t h i s  purpose, we  s h a l l  com- 

p a r e  t h e  s p e c t r a  of f l a r e s  and prominence surges .  The spectrum of a f lare i s  
always an emission spectrum, and t h e  prominence surge  s p e c t r a  on t h e  d isk  are 
absorp t ion  spec t r a .  A t  t h e  edge, they are emission s p e c t r a  both f o r  t h e  cus- 
tomary prominences and f o r  q u i e t  prominences. The populat ion of t h e  hydrogen 
levels i n  f l a r e s  is two - t h r e e  o rde r s  of magnitude g r e a t e r  than f o r  promi- 
nence surges  and f o r  q u i e t  prominences. A comparison w a s  drawn between t h e  
l a t t e r  i n  (Ref. 1, 2,  5 ,  9 ,  11) .  As s t u d i e s  have shown (Ref. 7,  8, 13, 15 ) ,  
t h e  va lues  of n 

are no t  encountered i n  prominences. Lower va lues  of these  parameters may be 
found both i n  prominences and i n  f l a r e s .  E lec t ron  c o l l i s i o n  of t he  f i r s t  kind 
(Ref. 7 ,  8, 14) plays t h e  predominant r o l e  i n  t h e  hydrogen e x c i t a t i o n  mechanism 
i n  f l a r e s .  I n  add i t ion ,  t h e o r e t i c a l  ca l cu la t ions  have shown t h a t  -- i f  t h e  hy- 
drogen e l e c t r o n  temperature T equals  10,OOOo -- e l e c t r o n  c o l l i s i o n  is t h e  de- 

cisive f a c t o r  i n  e x c i t a t i o n  of t h e  levels. It is  the re fo re  apparent t h a t  only 
e l e c t r o n  c o l l i s i o n  may provide a high populat ion of t h e  hydrogen levels i n  
f l a r e s  and, consequently,  t h e i r  emission spectrum. This comparison would s e e m  
t o  i n d i c a t e  t h a t  e l e c t r o n  c o l l i s i o n  of t h e  f i r s t  kind does no t  p lay  a predomi- 
nant  r o l e  as a mechanism of hydrogen e x c i t a t i o n  i n  prominence surges ,  as is t h e  
case i n  f l a r e s .  Calcu la t ions  have f u l l y  subs t an t i a t ed  t h i s .  Quan t i t a t ive  
ca l cu la t ions  d e l i b e r a t e l y  employed exaggerated values  of t he  parameters n and e 
Te (ne = 1013 and Te = 10,000") f o r  prominence surges ;  these  va lues  may be re- 

garded as t h e  upper l i m i t i n g  va lues  of these  parameters i n  t h i s  case.  The 
r e l a t i v e  values  of terms i n  equat ions (1) - ( 3 ) ,  which took i n t o  account elec- 
t r o n  c o l l i s i o n  of t h e  f i r s t  k ind ,  w e r e  a l s o  determined. 
par i son ,  it is  advantageous t o  t ake  t h e  term i n  t h e  equat ion under considera- 
t i o n  which corresponds t o  spontaneous t r a n s i t i o n s ,  s i n c e  i t  i s  only cal- 
cu la ted  on t h e  b a s i s  of obse rva t iona l  da ta .  When ca l cu la t ing  terms i n  t h e  
equat ions which correspond t o  t r a n s i t i o n s  under the  inf luence  of e l e c t r o n  
c o l l i s i o n  of t he  f i r s t  kind from t h e  f i r s t  level t o  t h e  given level, w e  must 
keep t h e  f a c t  i n  mind t h a t  they are very s e n s i t i v e  t o  a temperature change. 
Calcu la t ions  have shown t h a t  t h e  r a t i o  between them and t h e  va lue  of t h e  com- 
par i son  term is c lose  t o  uni ty .  The remaining r a t i o s ,  which inc lude  terms 
corresponding t o  e l e c t r o n  c o l l i s i o n  of t h e  f i r s t  and second type as w e l l  as 
i o n i z a t i o n  under t h e  in f luence  ot e l e c t r o n  c o l l i s i o n ,  are two - t h r e e  o rde r s  
of magnitude smaller than  un i ty .  These ca l cu la t ions  made i t  poss ib l e  t o  d is -  
regard q u a n t i t i e s  corresponding t o  e l e c t r o n  c o l l i s i o n  i n  equat ions (1) - 

and Te f o r  prominence surges .  e 

= 1013 and T e e = 10,000" are c h a r a c t e r i s t i c  f o r  f l a r e s ,  bu t  

e 

For purposes of com- /50 

( 3 )  

As w a s  shown i n  (Ref. 4 ) ,  terms corresponding t o  " t r i p l e "  recombina- 
t i o n s ,  which w e r e  n o t  considered i n  equat ions (1) - ( 3 ) ,  g r e a t l y  exceed t h e  
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TABLE 1 TABLE 2 

5000 2.30 2.71 15 8 
GUOO 1 85 2.44 1.2 7 
70t~O 1.53 2.1 7 13 5 
800J 1.29 1.80 i 4 n  .. .- ~ ~. ~- 
9000 1.11 I .64 1.48 

lOOU0 0.98 1.47 1.51 

1 2.44.10-30 
2 2. 9 ~ 1 0 - ~ ~  
3 2. 8. l e 7  
4 1. 5.10-26 
5 5. 3.10-26 
6 1. 4.10-25 

values  of terms corresponding t o  photorecombinations f o r  t h e  case of promi- 
nences (of customary q u i e t  prominences), beginning wi th  t h e  4th l eve l .  The 
s i x t h  level i s  t h e  h ighes t  level of those examined i n  t h i s  study. Table 1 pre- 
s e n t s  t h e  c o e f f i c i e n t s  of " t r i p l e "  recombinations f o r  t b i s  level, ca l cu la t ed  
according t o  t h e  formula given i n  (Ref. 4 )  

(2.3. I O - ~ ~ I ~ - ~ X - Z ~ E ,  ( 4 x ) ~  + q __ . ~ 

Nt 4 ex 

l - ( 3  T2 
- t3 .8.  I(0 07+x-') e-X - (3.07+w-I) e - * ~ ] } ,  

where m i s  the b a s i c  quantum number of t h e  given hydrogen level; mo i s  t h e  

b a s i c  quantum number of t h e  ion ized  continuum level; 

x = + X (-& - k). 

( 4 )  

(5) 

The va lues  of mo, computed by d i f f e r e n t  methods, range from 40 - 65, and 

I n  t h e  case of m = 6,  i t  is  apparent t h a t  x does no t  depend on 

This means t h a t  R(3) depends s l i g h t l y  on n 

/51 
depend on n . 
n 

(5) may be  disregarded.  

dependence may b e  disregarded.  As fol lows from Table 1, R:3) i s  inve r se ly  pro- 

p o r t i o n a l  t o  T . This t a b l e  p re sen t s  t h e  photorecombination c o e f f i c i e n t s  f o r  

t h e  same values  of t h e  temperature Te. 

f a c t o r  of two, t h e  r a t i o  between t h e  c o e f f i c i e n t s  increases by only a f a c t o r  of 

1.3. Therefore,  i t  may be  assumed t h a t  R6/R23) equa ls  t h e  mean va lue  

e 
s i n c e  (m/mOl2 el. Consequently, t h e  second term i n  t h e  parentheses  o f  e' 

and t h i s  6 e' 

e 
When t h e  temperature T increases by a e 

L e t  us i n v e s t i g a t e  t h e  r e l a t ionsh ip  between t h e  term i n  equat ion ( 3 ) ,  
corresponding t o  photorecombination, and t h e  term corresponding t o  
" t r i p k "  recombinations,  which w a s  omitted i n  t h i s  equat ion 
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*A 

It may be  seen from t h i s  r e l a t i o n s h i p  t h a t  the r o l e  of " t r i p l e "  recombinations 
inc reases  f o r  m = 6 ,  as compared wi th  photorecombinations when only n increases ,  

f o r  m = 4, t h e  r o l e  of t hese  recombinations inc reases  f o r  t h e  case n = 10 ; 

f o r  m = 3 it  inc reases  f o r  t h e  case n = (Table 2).  Since i t  cannot 

be assumed that n = l O I 5  i s  t enab le  f o r  prominence surges ,  t h e  f a c t  t h a t  

t he  term corresponding to" t r ip1e"  recombinations i s  disregarded i n  equat ion (1) 
has  only a s l i g h t  i n f luence  upon t h e  accuracy wi th  which t h i s  equat ion i s  
solved. 

a c o n t r o l  

I n  equations (2) and ( 3 ) ,  t h e r e  i s  less b a s i s  f o r  d i s regard ing  terms correspond- 
ing  t o  " t r i p l e "  recombinations,  and t h i s  i s  only poss ib l e  f o r  ne \< 1011. 

ever, s i n c e  lo1' i s  t y p i c a l  f o r  prominences, t h e  " t r i p l e "  recombinations may be 
disregarded i n  these  equat ions.  The photorecombination c o e f f i c i e n t s  R change 

very l i t t l e  i n  t h e  temperature range 5000 - 10,OOOo, which i s  admissible  f o r  
prominences (see Table 1 ) .  Therefore ,  w e  may take  t h e  mean values  f o r  R 

and R6. 

known -- n . 
equat ions (1)- (3) f o r  t h e  case of absorpt ion (Table 3 ) .  The va lue  of n may /52 

b e  obtained f o r  t h e  case of emission (Table 4 ) .  Tables 3 and 4 show the  f a i r l y  
good agreement between these  values .  

e 13 
e 

e 

e 

Therefore ,  t h e  va lue  of ne, obtained from equat ion (l), may serve as 

f o r  t h e  va lues  of n determined according t o  equat ions (2) and (3). 

How- 

e 

m 

3' R4 
As a r e s u l t ,  each of t h e  equat ions (1) - ( 3 )  w i l l  conta in  only one un- 

The va lue  of ne/n may be obtained on t h e  b a s i s  of t h e  t h r e e  
2 
e 

e 2 2  

TABLE 3 

.. 

P l a t e  
N o .  
.. 

988 
988 
958 
916 
916 
916 
974 
974 
737 
71 4 
188 
222 

-- - ~ 

2.39 0.03 
3.44 0.09 
0.S6 0.08 
1.19 0.04 
1.62 0 11 
1.75 0.05 
0 72 0 . ~ 7  
0.59 0.06 
1 93 0.09 
2.48 0.00 
1.40 C;.UO 
1.40 0.00 

__ 
- n:. 10-19, 

n* 
eq. (2) 

0.96 
0.63 
0.49 
0.48 
0.18 
0.55 
0.10 
0.18 
0.76 
0.18 
0.52 
0.41 

I f  w e  know t h e  populat ion values  f o r  t h e  3rd, 4 th ,  and 6 t h  hydrogen levels 
% f o r  each of t h e  prominence surges  under cons idera t ion  (or  t h e  r a t i o  %In2) 

and t h e  va lues  of t h e  e l e c t r o n  concentrat ion n 

t h e  predominant e x c i t a t i o n  mechanism f o r  t h e  given level of each prominence 
surge.  For t h i s  purpose,  w e  must c a l c u l a t e  t h e  va lues  of each of t h e  terms i n  

(or  ne/n2),  w e  may determine e 

41 

I 



TABLE 4 

P l a t e  I,,". 

No. eq. ( 1 )  

770 
872 
SGY 
862 
797 
205 
210 
190 
101 
108 

_ _  

1.41 
1 .u3 
0.91 
1.27 
0.93 
4.17 
O.€O 
0.43 
1 .14  - 

1.39 
1.22 
1.13 
6.70 
0.74 

11.10 
5.SO 
4.56 

0.85 
- 

n,.10-4 

0.3 
0.5 
0.3 
I .4 
0.4 
I .3 
1.4 
1.1 
0.6 
1 .o 

equat ions (1) - (3) .  
photorecombinations are t h e  e x c i t a t i o n  mechanism of t h e  3rd,  4 th ,  and 6 t h  hy- 
drogen levels i n  prominence surges .  
recombination mechanism is neg l ig ib ly  s m a l l .  

Their  absolu te  values  show t h a t  photosphere r a d i a t i o n  and /53 
For s e v e r a l  prominence surges ,  t he  photo- 

Thus, t h e  agreement between t h e  phys ica l  parameters and na tu re  of hydrogen 
e x c i t a t i o n  f o r  d i f f e r e n t  prominence surges  po in t  t o  t h e  s i m i l a r i t y  i n  t h e i r  
phys i ca l  na ture .  W e  must l a y  p a r t i c u l a r  stress on t h e  s i m i l a r i t y  between t h e  
emission and absorpt ion prominence surges .  
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ON THE MECHANISM OF EMISSION BORDER FORMATION I N  FILAMENTS 

R. I. Kostik,  T. V. Orlova 

Addi t iona l  e x c i t a t i o n  of t h e  chromosphere by photo- 
s p h e r i c  r a d i a t i o n  r e f l e c t e d  from a fi lament i s  considered 
as one cause of emission border  formation. A formula I s  
obtained f o r  es t imat ing t h e  border br ightness .  
same t i m e  i t  explains  t h e  p r i n c i p a l  d a t a  ( inc rease  of 
border  c o n t r a s t  a t  the  center-limb passage, decrease of 
border  i n t e n s i t y  wi th  f i lament  he igh t  above t h e  photo- 
sphere) .  The est imated values  of t h e  border  b r igh tness  
are i n  good agreement wi th  t h e  observations.  

A t  t h e  

During t h e  observat ion of f i laments  i n  t h e  H l i n e ,  i t  w a s  noted t h a t  many 154 
c1 

of them have an emission border.  The most comprehensive discussion of t h i s  
problem w a s  presented i n  a study by E. A. Gurtovenko, and A. S. Rakhubovskiy 
(Ref. 3 ) .  
which w e r e  observed during the  I G Y  on a AFR-2 t e l e scope  of t h e  Main Astronomi- 
c a l  Observatory of t h e  USSR Academy of Sciences, Gurtovenko 
reached the  following conclusion (Ref. 3 ) :  

On t h e  b a s i s  of a d e t a i l e d  examination of f i l amen t s  with a border ,  

and Rakhubovskiy 

(1) 
t h e  c e n t e r  of t h e  s o l a r  d i s k ;  

(2) 

The border  is observed only from the  s i d e  of the  f i lament  which f aces  

The border c o n t r a s t  i nc reases  from t h e  cen te r  t o  the . edge  of t h e  
s o l a r  d i s k ,  where it has i t s  maximum br igh tness ;  

(3) A s  a r u l e ,  t h e  border i s  the  most i n t e n s e  i n  lower prominences which 
come i n  contact  with t h e  chromosphere over almost t h e i r  e n t i r e  l eng th ;  

( 4 )  

( 5 )  

The border is loca ted  i n  the  chromosphere under t h e  f i lament;  

A l l  f i laments  i n  which a border i s  observed have b r i g h t  prominences 
where t h e  limb leaves the  d isk ;  

(6) A border i s  a “usual  phenomenon, r a t h e r  than an unusual one, which 
accompanies a fi lament”.  

On t h e  average, t h e  border  b r igh tness  a t  t h e  h e l i o c e n t r i c  d i s t a n c e  s i n  0 = 
= 0.9 comprises 1.13 of t h e  b r igh tness  of an unperturbed chromosphere (from 
1.03 t o  1.25) (Ref. 3 ) .  Gurtovenko and Rakhubovskiy proposed t h a t  one of t h e  
p o s s i b l e  mechanisms f o r  t h e  border  formation i s  ohmic energy d i s s i p a t i o n  of 
t h e  magnetic f i e l d  of t h e  f i lament  o r  t h e  prominence. W e  f e e l  t h a t  t h e r e  may 
be another p o s s i b l e  explana t fon  of t h e  border formation mechanism. 
s p h e r i c  r a d i a t i o n ,  r e f l e c t e d  by t h e  f i lament ,  produces an a d d i t i o n a l  e x c i t a t i o n  
of t h e  chromosphere, and may cause t h e  formation of t h e  emissfon border.  The /55 

Photo- 
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purpose of t h i s  ar t ic le  is  t o  determine t h e  a d d i t i o n a l  e x c i t a t i o n  and t o  cal- 
c u l a t e  t h e  border  br ightness .  

According t o  t h e  following formula 

l ( t 0 ,  x )  = B , ( t ) a ( x )  e- ( fo- f )Q(x)d t  (1) 
0 ! 

w e  may determine t h e  i n t e n s i t y  of r a d i a t i o n  r e f l e c t e d  d i f f u s e l y  by t h e  f i lament  
toward t h e  chromosphere ( sec  0 = 1 ) .  
Bl(t)  from t h e  b a s i c  i n t e g r a l  equat ion given by t h e  theory of r a d i a t i o n  d i f fu-  
s i o n  

W e  may determine t h e  source  func t ion  

B , ( t )  =- B,(f’)K(lt-t’I)df’+g(f), 
0 

2 Is’ 
where A is  t h e  p r o b a b i l i t y  t h a t  t he  quantum may surv ive  during an elementary 
s c a t t e r i n g  event ;  t o  -- o p t i c a l  thickness  of t h e  f i lament ;  a(x) -- dimension- 

less absorpt ion c o e f f i c i e n t  (a(x) = e-x2) ; 47rg(t) -- s t r eng th  of t h e  r a d i a t i o n  
sources  ; 

K ( f )  = A aa ( x )  E ,  [ a  ( x )  tl d x ;  
-e= i- 

A 1. ( X I  dx=  1. 

t - 

E ,  ( x )  = fe-x @ sin f) sec @ d e ,  

0 

-_ 

It may be r e a d i l y  seen t h a t  w e  have t h e  following f o r  our case 
+- 

where w i s  t h e  d i l u t i o n  f a c t o r ;  Io(x)  -- i s  t h e  i n t e n s i t y  of photospheric  

r a d i a t i o n  i n  the cen te r  of t h e  s o l a r  d i s k  i n  t h e  l i n e  H (AAD = 0.460 A ) ;  
0 

a 

Equation (2) may be  r ewr i t t en  i n  t h e  following form 
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0 (3) 

This equat ion was solved by t h e  numerical  method f o r  values  of t 

5, 20, 30, 40,  consecut ively.  The ca l cu la t ions  w e r e  performed on a M-20 com- 

equa l l ing  0 

pu te r .  
i n  t h e  f igu re .  It i s  very i n t e r e s t i n g  t o  no te  t h a t  t h e  func t ion  B ( t )  de- 
creases, beginning with c e r t a i n  va lues  of t f o r  l a r g e  to.  

The dependence of t he  source  funct ion upon the  o p t i c a l  depth i s  shown 

l 

The i n t e n s i t y  I ( t O ,  x ) ,  computed according t o  formula (11, causes addi- 

t i o n a l  e x c i t a t i o n  of t h e  chromosphere under t h e  f i lament .  I n  i t s  tu rn ,  t h e  157 
f i lament  produces a d d i t i o n a l  luminescence of t h e  chromosphere, which may be 
observed i n  t h e  fonn of t h e  emission border.  
found from t h e  following expression 

The border  i n t e n s i t y  may be 

( 4 )  I2 (to, to,  Q, X )  = B, (T) a ( x )  sec @e- ('A a 1 dz, s' 0 

wnere B (T)  i s  the  "addi t ional"  source funct ion;  T~ -- o p t i c a l  th ickness  of 

t h e  chromosphere i n  the  r a d i a l  d i r ec t ion .  
2 

It may be shown t h a t  t h e  following equat ion i s  v a l i d  f o r  values  of T which 
are no t  very l a r g e  (on t h e  order  of several u n i t s )  

B,(r)=a+b.c. (5) 
After i n t e g r a t i o n  of equat ion ( 4 ) ,  with  allowance f o r  equat ion (5), w e  f i n a l l y  
ob ta in  
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W e  may determine t h e  func t ion  B (‘I) s i m i l a r l y  t o  B ( t )  according t o  t h e  2 1 following formula 

Subs t i t u t ing  equat ion (5) i n  formula ( 7 ) ,  and ass igning  values  of T~ and 0 t o  
T ,  w e  ob ta in  a system of equat ions wi th  r e spec t  t o  a and b :  

W e  may determine t h e  funct ion 

-s 

by the numerical  method (A = 1). The va lues  of K ( r )  w e r e  taken from t h e  com- 
pu ta t ions  of V. V. Ivanov. I n  order  t o  compare t h e  ca l cu la t ed  border br ight -  
ness  wi th  the observed border  br ightness ,  w e  must take i n t o  account t h e  pro- 
f i l e  of t h e  pass  band of t h e  I P - f i l t e r  of t h e  AFR-2 te lescope  of t h e  M.ain A s -  
t ronomical Observatory of t h e  USSR Academy of Sciences ( R e f .  11, as w e l l  as t h e  
darkening of t h e  s o l a r  d i s k  toward t h e  edge (Ref. 2 ) .  I n  o t h e r  words, t h e  
following r a t i o  

/58 

must be  compared with t h e  observed r a t i o ;  t h i s  r a t i o  r ep resen t s  t h e  border  
br ightness  with r e spec t  t o  t h e  contiguous unperturbed chromosphere. I n  expres- 
s i o n  ( 9 ) ,  i ( X )  i s  t h e  p r o f i l e  of t h e  I n s t i t u t e  of Applied Physics pass  band; 
m -- t h e  c o e f f i c i e n t  corresponding t o  t h e  s o l a r  d i s k  darkening toward t h e  
edge. The t a b l e  below p resen t s  t h e  numerical  va lues  of t h i s  r a t i o  f o r  d i f f e r -  
e n t  to ,  -c0 and w i n  t h e  case of s i n  0 = 0.9. 

t h e  ca l cu la t ed  va lues  of t h e  border b r igh tness  agree  q u i t e  w e l l . a i t h  t h e  

As may be  seen from t h i s  t a b l e ,  
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observed values (we should recall that 

give border brightness values which 
range between 1.03 - 1.25 units of the 
contiguous unperturbed chromosphere) . 

w=0.2 In addition, the mechanism which has 
2 1.03 1.06 1.07 1.08 been advanced makes it possible to ex- 

plain other peculiarities of this phe- 5 1.05 1.07 1.08 1.11 

w=0.3 nomenon which were observed. Thus. it 

- ~~ t0 for different filaments the observations 1 5 I 20 I 30 I 40 
.. -*. - . -- 

2 1.05 1.09 1.10 1.12 directly follows from formula (6) that: 
5 1.07 1.11 1.12 1.16 

w=0.4 (1) The border contrast increases 
from the center of the solar disk to the 2 1.07 1.12 1.15 1.17 

5 1.08 1.15 1.16 2.21 edge (i.e. , with an increase in the angle 
0 )  ; 

(2) The border is most intense for 
the lower prominences, since the numerical values of the coefficients a and b 
are directly proportional to the dilution w [see formula (711. 

It may thus be assumed that photospheric radiation which is reflected by 
the filament may produce additional illuminescence of the chromosphere, which 
may be observed in the filaments in the form of an emission border. The numeri- 
cal values of the emission border brightness, which are given in the table, 
represent a lower limit, since we assumed that the radiation reflected by the 
filament is only scattered in the chromosphere. In reality, the photosphere 
participates in the scattering, i.e., the scattering takes place in a semi-in- 
finite medium. Allowance for this fact does not greatly influence the final 
results, since the coefficient of continuous absorption plays a significant 
role in the photosphere. Therefore, the probability of quantum re-emission in 
the Ha line is very slight. 
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RESEARCH ON CALCIUM LUMINESCENCE I N  A GREAT CHROMOSPHERIC FLARE 

K. IT. Alikayeva 

The paper dea l s  wi th  ionized calcium luminescence i n  
t h e  chromospheric f lare  of  J u l y  1 2 ,  1961. The c e n t r a l  
p a r t s  of t h e  H and K l i n e  p r o f i l e s  are broadened by non- 
thermal random v e l o c i t i e s ,  and i n  t h e  wings by non- 
Maxwellian v e l o c i t y  d i s t r i b u t i o n .  The change i n  e l e c t r o n i c  
dens i ty ,  temperature and e f f e c t i v e  length  of t h e  calcium 
f i laments  w i th  time is  determined. 

In  J u l y ,  1961, a l a r g e  group of spots,  No.  198, passed over  t he  s o l a r  d i sk .  /60 
This group produced a l a r g e  number of f l a r e s  of d i f f e r e n t  classes, including 
t h r e e  f l a r e s  of class 3+. One of t hese  powerful f l a r e s  w a s  observed on J u l y  
1 2 ,  1961, a t  t h e  Main Astronomical Observatory of t h e  USSR Academy of Sciences.  
It w a s  preceded by several sub- f la res  of class 1; these  sub- f la res  occurred 
a t  t h e  same p o s i t i o n  where a l a r g e  chromosphere f l a r e  l a s t i n g  about two hours 
subsequently f l a r e d  up. The f l a r e  w a s  v i s i b l e  i n  a chromosphere te lescope  i n  
t h e  Ha l i n e ,  i n  t h e  form of two b r i g h t  f i l aments ;  t h e  d i s t ance  between these  

f i laments  increased as t h e  f l a r e  developed ( t h i s  f l a r e  w a s  descr ibed i n  g r e a t e r  
d e t a i l  i n  [Ref. 1, 31) .  

The spectrum w a s  simultaneously recorded on a spectrograph.  The spectro-  
graph s l i t  i n t e r s e c t e d  t h e  b r i g h t e s t  and most s t a b l e  po r t ion  of t h e  f l a r e ,  i n  
which t h e  metals emit ted most i n t ense ly .  This  node w a s  q u i t e  b r i g h t ,  while t h e  
f l a r e  a s  a whole was a l ready  becoming "extinguished". 
t h i s  active region,  based on t h e  photoheliogram obtained on J u l y  1 2 ,  1961, a t  
t h e  t h e  Crimean Astrophysical  Observatory, and t h e  p o s i t i o n  of t h e  spectro-  
graph s l i t  w a s  p l o t t e d  during t h e  recording t i m e  (Figure 1). 

A drawing w a s  made of 

A series of spectrograms w a s  obkained 
during t h e  e n t i r e  development of t h e  
f l a r e  i n  several s p e c t r a l  s ec t ions .  
This w a s  thg  region of t h e  l i n e s  
D3, 5183.6 A,  H and K,  Ha, Hg. 

Emission l i n e s  of hydrogen, helium, 
and metals w e r e  v i s i b l e  i n  a l l  t h e  
spectrograms on t h e  background of t h e  
spectrum f o r  t h e  spot  and t h e  penutnbra. 
The i n t e n s i t y  of  t h e  ionized calcium 
l i n e s  H and K could be d is t inguished  

/61 

Figure 1 
- 

p a r t i c u l a r l y  w e l l .  A t  c e r t a i n  t imes,  
t h e i r  i n t e n s i t y  exceeded t h e  con- 
t inuous spectrum i n t e n s i t y  of t h e  
center of t h e  s o l a r  d i s k  by a f a c t o r  of 
more than th ree .  

Drawing of t h e  Group of Spots 
No. 198 and F l a r e  on J u l y  1 2 ,  
1961, Based on a Photohelio- 
gram and a Fi l togram A photometric ana- 

l y s i s  w a s  performed f o r  two nodes of 
t h e  f l a r e .  Node A w a s  loca ted  above 
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t h e  spot  penumbra, and node B w a s  l oca t ed  above t h e  spot  ( t h e i r  p o s i t i o n  i s  
ind ica t ed  by arrows i n  F igure  1). 
and i t  s t a r t e d  t o  develop la te r ,  when t h e  f l a r e  had subsided a t  node A. 

Node B of the f l a r e  w a s  weaker than node A, 

Spectrograms i n  t h e  region of t h e  l i n e s  H and K w e r e  obtained a t  t h e  
following t i m e s  f o r  two nodes of t h e  f l a r e :  

Node A: 10h 25m UT Node B: loh 5Zm UT 

10  37 
10 45 
10 57 
11 02 
11 15 

10  57 
11 15 

I n  add i t ion ,  t he  
t h e  t i m e s  10h57m 
These l i n e s  w e r e  

4P3 , which w e r e  
TT 

l i n e s  C a  I1 X 3706 i and 3737 1 w e r e  recorded f o r  node B a t  
and llh15m i n  t h e  aux i l a ry  chamber of t h e  spectrograph.  
formed by t r a n s i t i o n  from t h e  l e v e l  5s  t o  the  l e v e l s  4 P 1  

2 
t h e  upper l e v e l s  f o r  t h e  H and K l i n e s .  

and - 

L 
Emission l i n e s  of meta ls  (pr imar i ly  l i n e s  of n e u t r a l  i r o n ,  and t h e  

Co X 3935.91 l i n e )  w e r e  c l e a r l y  v i s i b l e  c l o s e  t o  t h e  b r igh tness  max imum of t h e  
f l a r e  i n o t h e  wings of t h e  H and K l i n e s .  
3931.59 A w a s  recorded i n  a spectrogram, which w a s  obtained a t  10h25m, i n  t h e  
b l u e  wing of t he  K l i n e .  

A l i n e  of r a re -ea r th  element Dy+ A 

P r o f i l e s  & t h e  F l a r e - n i s s i o n  Lines 

Line p r o f i l e s  f o r  t h e  f la re  and t h e  "background" w e r e  compiled i n  u n i t s  of 
t h e  continuous spectrum of t h e  s o l a r  d i s k  cen te r .  Spectrograms of t h i s  a c t i v e  
reg ion ,  which w e r e  obtained one and one half-two hours before  t h e  f l a r e ,  w e r e  
employed t o  compile t h e  l i n e  p r o f i l e s  of t h e  spot  and t h e  spot  penumbra. 

The H and K l i n e s  have wide wings, and t h e  p r o f i l e  w i i t h  changes as a 
func t ion  of t i m e  as fol lows:  a t  t h e  node A -- from A X  2 5 A a t  10h25m t o  
1.8 8, a t l l h15m;  a t  t h e  node B -- from 5 1 at10h5Zm t o  2.6 8, a t  l lR15m. 
p r o f i l e s  w e r e  somewhat wider above t h e  spot  than  they were above t h e  penumbra. 
A t  t h e  t i m e  10h25m, i t  w a s  no t  poss ib l e  t o  analyze t h e  l i n e  C a  I1 H,  s i n c e  t h e  
HE l i n e  w a s  s o  wide (AX > 7 8,) t h a t  i t s  b lue  wing was superposed on t h e  H l i n e ,  
even d i s t o r t i n g  t h e  b lue  wing of t h e  latter. 

- 162 
The 

A l l  t h e  p r o f i l e s  of  t h e  l i n e s  s tud ied  w e r e  asymmetrical, inc luding  
X X  3736.9 and 3706.0. 
t ense .  

q rde r  t o  remove t h e  in f luence  of t h i s  blending,  t h e  assumption w a s  advanced t h a t  
t h e  Fe l i n e  was symmetrical. 
computed from t h e  red wing ot t h e  C a  I1 l i n e .  Even when t h e  blending w a s  
taken i n t o  account i n  this  way, t h e r e  w a s  considerable  asymmetry i n  t h e  calcium 

Theored wings w e r e  somewhat more extended and more in- 
The C a  I1 A 3736.9A l i n e  blended wi th  t h e  l i n e  of i r o n  X 3737.11. I n  

The r e f l e c t e d  r ed  wing of t h e  Fe l i n e  w a s  then 

. 
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l i n e .  I f  t h e  occurrence of a more i n t e n s e  r e d  wing i n  t h e  i r o n  l i n e  were 
assumed, t h i s  would only i n t e n s i f y  t h e  asymmetry of t h e  X 3736.9 A l i n e .  
subsequent ana lyses  w e r e  performed wi th  allowance f o r  only t h e  b lue  wing of t h e  
H and K and A 3736.9 8, l i n e s .  

A l l  

TABLE 1 

-_ Node A 

T ime  uH 

Id25m +3.0 
10 37 $ 2 . 0  
10 45 0.0 

. - 

10 57 $ 2 : 3  
1 1  02 $3.0 
11 15 31 .5  

V K  

+4.5 

. 

$2.5 
-4.5 
$4.0 
+7 .O 
$2.5 

IOh522m +1.9 +2 .3  
10 57 +1.5 t 3 . 0  -3.0 
11 15 a 0.0 0.0 -3.0 

The cores  of t h e  l i n e s  being s tudied  w e r e  d i sp laced  s l i g h t l y ,  p r imar i ly  
Table 1 presen t s  t h e  r a d i a l  v e l o c i t i e s  ( i n  kmlsec) toward t h e  red  s ide .  

corresponding t o  these  displacements.  
r a d i a l  v e l o c i t i e s  w e r e  smal le r  above t h e  spot  than they w e r e  above t h e  penumbra. 
I n  add i t ion ,  t h e  r a d i a l  v e l o c i t i e s ,  which w e r e  determined according t o  t h e  K 
l i n e ,  were sys t ema t i ca l ly  l a r g e r  than the  v e l o c i t i e s  ca l cu la t ed  according t o  
t h e  H l i n e .  This  i n d i c a t e s  t h a t  t h e  cores  of t h e  K and H l i n e s  w e r e  formed i n  
an  o p t i c a l l y  t h i c k  l a y e r  a t  d i f f e r e n t  a l t i t u d e s .  
f o r  t h e  cen te r  of t h e  l i n e  H i s  t w i c e  as s m a l l  as f o r  t h e  l i n e  K ,  t h e  emission 
f o r  t h e  l a t t e r  reaches us from a f l a r e  l aye r  which is  c l o s e r  t o  t h e  su r face .  
The f l a r e  i s .  examined a t  a somewhat deeper level f o r  t h e  l i n e  H. Therefore ,  
i t  may be assumed t h a t  t h e  v e l o c i t i e s  decrease wi th  depth.  

A s  may be  seen from t h e  t a b l e ,  t h e  

Since t h e  o p t i c a l  th ickness  

It is  very l i k e l y  t h a t  both of these  f a c t s  (more i n t e n s e  and more ex- 
tended r ed  wings and displacement of t h e  l i n e s  t o  t h e  red  s i d e )  are i n t e r -  
r e l a t e d  and represent  t h e  occurrence of one type of motion of matter i n  t h e  
f l a r e  -- cont rac t ion .  

- 163 

The l i n e  p r o f i l e s  shown i n  Figure 2 were obtained a t  t h e  t i m e  10h45m f o r  
t he  node A, and a t  1 0 h 5 P  f o r  node B. 
f l a r e ,  s i n c e  t h e  na tu re  of t h e  p r o f i l e s  d id  n o t  change as a func t ion  of t i m e .  
None of  t h e  p r o f i l e s  of t h e  observed C a  I1 l i n e s  had an  i n t e n s i t y  d i p  i n  t h e  
center .  
depth i n  t h e  f l a r e ,  so  t h a t  i t  may be assumed t o  be  cons tan t .  I n  t h i s  case ,  
t h e  i n t e n s i t y  i n  t h e  l i n e  p r o f i l e  i s  d i s t r i b u t e d  according t o  t h e  w e l l  known 
formula 

They are t y p i c a l  p r o f i l e s  f o r  thds  

This i n d i c a t e s  t h a t  t h e  source func t ion  changes very s l i g h t l y  with 

-7 
Ik==r;e i++p ( I  -e-*a). (1 1 

The p r o f i l e s  of t h e  l i n e  X 3737 have a Gaussian form. Therefore ,  i n  t h e  
case when 
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30 

Figure 2 

Profiles of the Lines H and K and X 3737 i: 
a - Node A ,  time 10h45m UT; b - Node B, 
time 10h57m UT 

they were analyzed on the basis of the Conway method. 

The Doppler widths of the H and K were determined according to a method 
advanced by V. A.  Krat. This method is as follows. The optical thicknesses /64 
are small in the wings of the H and K lines. Therefore, equation (1) for the 
wings of these lines may be written as follows 

. .  
Equation (3') may be calculated from equation (3): 

In the case of the H and K lines, the intensities of the "background" are almost 
identical. Therefore, we may disregard the second term in the left hand side 
of equation ( 4 ) .  If the optical thicknesses along the profiles change accord- 
ing to the law (2), then -- taking the logarithm of equation ( 4 )  -- we obtain 

In ( / K - / L )  = Inz, - 

Only AX is a variable in the ri ht part of equation (5). Graphs showing the 

(2) were satisfied, then the graphs would represent straight lines, whose 
inclination would enable us to determine A A D .  

rectilinear dependence was only observed in the relatively narrow cores of the 
lines. Consequently, equation (2) was fulfilled close to the line center, 
which corresponds to Maxwell velocity distribution of the particles. Figure 3 
presents a graph showing the dependence of In(IK - IH) on A X 2  for several 

dependence of In(IK - IH) on A X  3 were compiled for all the times. If the law 

However, it was found that a 
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-4 

Figure 3 

w e l l  cores  of  t h e  l i n e s  were so narrow 
t h a t  t h e  Doppler widths  were determined 
wi th  a l a r g e  amount of e r r o r ,  I n  t h i s  
case,  AhD w e r e  determined from t h e  

following r e l a t i o n s h i p  

( $!)H. (F) . i-:Q45m - 

The o p t i c a l  th icknesses  i n  3731 t h e  center  /65 
of t h e  l i n e s  and t h e  source func t ions  10’37” IOh%” 

as i n  (Ref. 2 ) .  The va lues  obtained 
€or  T O  and P w e r e  def ined more accu- 

Graph Showing Dependence of 
i n  ( I ~  - I r a t e l y  by ad jus t ing  t h e  t h e o r e t i c a l  

p r o f i l e s  t o  t h e  observed p r o f i l e s .  on A A ~  f o r  H 
Centra l  Regions of t h e  Lines 

The parameters  TO^ P y  AhD w e r e  
then  employed t o  c a l c u l a t e  t h e  pop- 
u l a t i o n  of t h e  b a s i c  l e v e l  C a  11, and 

The computational r e s u l t s  f o r  t h e  K l i n e  are presented a l s o  the  r a t i o  N2/N1. 

i n  Table 2 (columns 3-7). 

TABLE 2 

__ 
Node 

1 

A 

- 
- 

B 

___- . .. ._ 

T i m e   AX^, i P N,IN,.IOZ 4 . 1 0 - l ~  ~ h * ,  ii 

~- 2 1 3 )  _____ 4 1 5 1  - 6 1 7  1 8  1 9  
____ ~ __.- I ___ -___ ___ 

loh37” 4.6 0.150 3.2 2.0 1.34 0.500 1.29 
10 45 3.6 0.250 3.3 2.2 1 75 0.180 0.58 
10 57 2.0 0.180 2 .8  1.8 0.70 0.475 0.14 
11 02 3.0 0.140 2.0 1.8 1.10 0.240 1.9 
11 15 3.8 0.152 1.5 1.0 1.12 0.215 0.35 

10 52 0.260 0.24 
10 57 4.0 0.055 3.2 2.1 0.43 0.220 0.14 
11 15 4 .5  0.065 2.8 1.9 0.56 0.150 0.33 

Since the  r e l a t i o n s h i p  between t h e  populat ions N / N  and t h e  amount of 2 1  
atoms of Ca I1 i n  t h e  b a s i c  s t a t e  are known, w e  may degermine t h e  populat ion of 
t h e  level 4P, . When t h e r e  were p r o f i l e s  of t h e  3737 A l i n e ,  N2 was determined - - 

2 
over i t s  o p t i c a l  thickness .  The following populat ions of t h e  level 
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4 P 3  were obtained: - 
2 10'157m N,K=0.905.10" N;3737)=1.40-I011 

11 15 1.056- 10" 1.00.10" 

(3737) coincide , which substantiates the validity of The values of N and N2 
the optical thicknesses which were found. 

K 
2 

In order to determine the wings of the H and K lines, we tested such 
mechanisms leading to line expansion as radiation damping and the effects of 
pressure. The calculations showed that it is impossible to explain the 
observed profiles by damping, while the effects of pressure only play a sig- 
nificant role for hydrogen concentrations of 
electron concentrations reached 21015 - 1016, which is several orders of 
magnitude greater than the electron concentrations in the flares. 

- 1018. In this case, the 

It was established that the intensity distribution in the wings best 

In ( / K . - ~ H )  - Ah. 

- /66 
satisfys the relationship 

By way of an example, Figure 4 presents a graphic illustration of the depen- 
dence of ln(IK - I ) on Ai2 and A A  for the time 10h57m. 

dependence corresponds to a non-Maxwell velocity distribution of the radiating 
particles. The study (Ref. 8) explained the phenomenon of wings in the flares 
by the presence of particles with the following velocity distribution: 

This form of the H 

where v* is a certain 
wings for the H and K 
Therefore, we found a 
the wings. 

characteristic velocity. In our case, the form of the 
profiles is poorly represented by this distribution. 
distribution law corresponding to the observed form of 

Let dN be the number of particles having velocities ranging from v to 
v + dv. The velocity distribution function is given in the general form 

d N  
N 
-- = f ( u )  dv. 

The energy emitted in the frequency interval from v to v + dv is 
E, dv=Rk,  h v i k  d N .  (7) 

After small transformations, expression (7) may be written 
E,  = AkihcNf ( 0 )  =a f (0 ) .  

The values of Ev were determined according to the profile. The analytical 

expression, corresponding to the observed change in intensity with frequency, 
was determined for several values of E. It was found that in the wings of 
the lines H and K the intensity changes for the velocity distribution function 

- 167 
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of the particles: 
0 - -  

V. = ae dv. 
dN 
N 

-2 
- 

Then the absorption coefffcient 

(10) 
A1 .;;e2 a*L2 - - 

mez Ai* ky=-.- - e 

where a' = C - a, and AX* is related 

1 AX* 
&;. hAz vlk %x to the characteristic velocity - = X 

-3 -4 I\\ 
C 0.5 

Figure 4 = V.,is determined according to the 
m 
L 

inclination of the line representing 
the dependence of In(1 

(see Figure 4 ) .  

- IH) on AX Graph Showing the Dependence: 

and 2 - of Rn (IK - IH) on 
1 - af Rn ( I ~  - I ~ )  on  AX^, K 

AX for the line wings (node Since the flare is transparent 
A ,  time 10h57m). for its own radiation in the wings of 

the lines H and K, we may use formula 
(3) to calculate the optical thick- 

The population of main nesses at different distances from the line center. 
level 4 s  may be determined according to formula N1 = ~ ~ / k ~ ,  where kv is 

determined according to formula (10). 
termined in this way are given in Table 2 (column 9 ) .  
N1 are retained for different A X ,  and differ from N1, obtained according to 
the line cores, by no more than one-half order of magnitude. 
that the values of N1, computed according to the central sections of the 
profiles, are valid. 

The populations of the main level de- 
The obtained values of 

This indicates 

Physical Conditions 

The physical conditions in calcium filaments of the flare were determined 
This level is 3 .  

'2 
by solving the steady state equation for the level 4P 

populated by: (a) the field of the flare eigen radiation; (b) recombinations 
at this level; (c) transitions from the 4 s  and 3D levels under the influence 
electron collision of the first kind; (d) spontaneous transitions from the 5s 
level. 

is very small, and it may be disregarded. Spontaneous transitions to the 
4 s  and 3D levels, transitions to these same levels under the influence of 
electron collision of the second kind, and ionization by electron collision 
lead to destruction of the 4P3 level. 

2 

The contribution made by the latter to the population of the 4P level 3 
2 
- 

- 
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Let us write the steady state equation 

where the index.1 pertains to the 4s level; 2 pertains to the 3D level; 3 per- 
tains to the 4 P  level; 

respectively, by electron collision; Z3i -- ionization by electron collision; 
Ri3 
Ca 111 in 1 cm , A31, A32, B13 -- Einstein coefficients; 
eigen radiation field. 

are the excitation and deactivation coefficiegts, 'mn, 'mn 

-- recombination coefficients at the 4P level; n+ -- number of ions of 
-- density of the 3 

'13 

Investigations have shown that the last two terms in equation (11) are 
several orders of magnitude smaller than the first term. Therefore, equation 
(11) may be simplified as follows 

The corresponding coefficients of excitation and deactivation by electron 
collision were computed in (Ref. 6 ) .  Excitation by the eigen radiation field 
was determined according to the self-absorption factor, just as was done in 
(Ref. 4 )  

P B  M " ( I - q  =--. - .  13.  13 

nl ( A 3 1 - t - A 3 t )  - I -  'Ie ( z 3 1 + z 3 2 )  

Excitation by electron collisdon is 

Equation (13) was solved for several values of electron density: from 
n 
which are produced due to excitation by electron collision, and the electron 
temperatures for several values of ne corresponding to n3 . The equation of 

ionization equilibrium was solved for each time and for different n 

consequently, for different Te). 
main level by electron collision and recombination to the main and excited 
levels (photoionization in the flares did not play a significant role, as 
compared with ionization bv collisions): 

= 5.1012 to ne = l.lOl4 (Table 3 ) .  Table 4 presents the relative populations e 

-- 
nl 

(and, e 
Allowance was made for ionization from the f69 

nen (ca HI> C R ~ = I Z ~ I Z  (ca 11) zll, 
k 
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TABLE 3 

5000 
6000 
7000 

1 1000 
12000 

20000 

0.565. 
1. 83.10-: 
2. 90.10- 
5.  85.10-4 

8. 90.10-4 
1. 24.10-i 

1. 95.10F3 
2. 32.10-3 
2. 68.10-3 
4. 16.10--3 

8. 82.1P-4 

1 .  60.10.' 

1.05.10-4 0.33.10-3 

5.50.10-4 1.92.10-3 
3.24.10-4 1.10.10-~ 

I .  12. 
i . 70 .107~  
1 .72.10-3 
2.40. 
3.08.10-3 
3.80. 
4.48. 
5.20. 
8.14. 

4.10.10-' 
6.45. loF3 
6.75. 
9.72.10M3 
1 .26.10-2 
1 .56.10-2 
1.86. 
2.1 1 . 
3.35. 

0.45 1 0-3 
1 ~ 6 . 1 0 - ~  
2.84. 
6.20. lo-: 
9.90.10 
1.06-10-2 
1.56.10-2 
2.03.10-* 
2.53. lo-' 
3.04. I O  -' 
5.42.10-2 

'5.47- 

TABLE 4 

Node I Time 1 F ;(:.F).~oz~- 9.10*2 1 1.1013 i--je 2.10'2 3.1013 1 5.10'3 1 1.1014 
A 1oh37m 0.16s 0.336 12900" 123CO" 101SO' 8330" 7650" 7180" 

I ~ _ _ _ _ _ _ _ _  

10 45 0.21 0.446 170CO I4000 11C~70 10300 SI50 7480 
10 57 0.54 0.971 30t.00 26000 150GO 13000 11000 10000 
11 02 0.22 0.403 idon0 133(0 iosoo S ~ G O  8000 7413n 
11 15 0.20 0.202 lG770 10.100 SO00 7450 7050 6356 
10 57 0.1S5 0.355 13700 13000 10650 8670 7900 7300 
11 15 0.170 0.323 12850 12100 10050 5250 7600 7150 

from which we have 
R (Ca 111) N (Ca 111) Z,, 
R (Ca I t )  
____ = ____._ -- - 

Rk 
N (Ca 11) 

k 

This enables us to determine the amount of Ca I11 ions, and consequently the 
total content of calcium N (Ca) = N (Ca 11) + N (Ca 111). At temperatures 
above 1000Oo, calcium occurs primarily in a state of secondary ionization. 
Assuming that the total amount of calcium in a flare does not change as a 
function of time, from Table 4 we selected the values of electron temperature 
and electron concentration for which the total amount of N (Ca) is one and 
the same. 
is 5.84.1013. 

/70 

By means of this method, we found that the total amount of calcium - 

Assuming that the chemical composition of a flare is the same as in the 
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photosphere, and employing the data presented by Claas (Ref. 7) on the Ca 
content in the solar atmosphere, we were able to obtain the number of hydrogen 
atoms .along the line of sight. It equals 1.41*1020. 

e' Using the table given by V. M. Sobolev (Ref. 5) for data on n and T 
we were able to determine the hydrogen atom concentration in the basic state 
at different times. Since hydrogen supplies the main amount of free electrons, 
we may assume that n 

determined by the ratio % . 
conditions change at the node A of the flare. The electron temperature de- 
creases as a function of time, beginning at 10h 45m. 

e 

equals n+ e H '  The total hydrogen concentration is then 
= ne + n The effective geometric thickness of calcium filaments is 1' 

Table 5 shows the manner in which the physical 
"H 

TABLE 5 

\dY 9.0.10" 12900' 0.10 1.00 1.41.10' 11.4 
IO 15 1 . 0 . 1 ~ ~  1 3 5 ~ 0  0.79 1.79 0.79.107 19.0 

I 1  02 1.1.10'3 12650 0.16 1.26 1.12.107 11.6 
LO -7 3.0. 1013 13000 5.01 8.01 1.76.10' 13.7 

I 1  15 6.0.10" 12250 0.16 0.76 1.86.10' 10.6 

Cooling of the calcium filaments is accompanied by changes in the electron 
concentration and effective thickness of the flare. The effective thickness 
first decreases by one order of magnitude, and then increases up to the 
previous value. Consequently, the substance contracts by almost a factor of 
10, and then subsequently expands. 

The limited number of spectrograms kept us from making a precise deter- /71 
mination of the electron concentrations and electron temperatures for the node 
B. Following are their most probable values: 

I O h  57* 0 .9 -1013<~~~<3*10 '3  13700"> T,>87OO0 

11 15 0.9.10'3<t~e<3.10'3 12850"> Te>8250" 

Expansion due to thermal velocities is insignificant in the lines of 
ionized calcium, as compared with expansion due to non-thermal, "turbulent" 
motion. Table 5 presents the "turbulent'' velocities for the node of a flare 
located above the penumbra. These velocities are smaller above the spot in 
the flare, and comprise 4 km/sec This 
may be explained by the presence of a magnetic field which is stronger above 
the spot than it is above the penumbra; this magnetic field leads to partial 
damping of the "turbulent" velocities. 

at 10h57m and 6.5 km/sec at llh15m. 
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SPECTROPHOTOMETRY OF THE SUNSPOT OBSERVED ON JUNE 19, 1959 

Ye. N. Zemanek, A.  P. Stefanov 

The equivalent widths of 107 Fe I lines were 
measured in the region 6520-4870 1. 
was constructed, and the physical parameters for the 
sunspot were derived: Tex = 3640 2 90°, N = (25.2 & 6.8)1018, 
v = 3 kmlsec. 

A curve of growth 

A graphic method is proposed for determining excitation 
temperature from the growth curve. 

The dependence of the equivalent widths of the lines on 
the strength of the magnetic field and the spot's position 
on the solar disk is shown by comparing them for four spots. 

We studied a large spot which passed through the solar disk in June, 1959.B 
We studied this spot when it was at different positions with respect to the 
central meridian. Photographs of the spectra were obtained on June 19, 22 
and 27, when the spot was in the eastern hemisphere (Q, = + 11O.O; X = - 45"), 
in the center of the disk (Q, = + 11O.5; h = - 5") and in the western hemi- 
sphere (Q, = + 11O.5; X = + 62"). 

This article investigates the spectrum of the spot, which was obtained on 
June 19 with good transmission and small image oscillations. 
method and the processing were described previously (Ref. 3, 4). 

The observational 

For the study, 107 lines of neutral iron in the X X  6520-4870 1 region were 
chosen. The equivalent widths W of these lines are given in Table 1. This 
table also presents the excitation potentials of the lower level E (Ref. 5 ) ,  

and the oscillator strengths in the form of lggfh (Ref.1) and lgW/A. A determi- 
tion of the influence of diffuse light upon the equivalent widths showed that 
the magnitude of the diffuse light was small and could not be taken into 
consideration. 

n 

We employed the equivalent widths of the lines to compile a growth curve. 
The quantity lg W/A is plotted along the ordinate axis, and the quantity 

is plotted along the abscissa axis (T - the provisional excitation temperature), 
e 

In order to clarify the influence of T on the physical parameters which 
e 

were determined according to the growth curve method, curves were compiled for 
three values of the provisional temperature (4000; 3800; 3600'). 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
4 F 
47 
-18 
49 
50 
51 
52 
53 
54 
55 
56 
57 
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65 18.376 
6430.851 

1 I .658 
08.031 
00.010 

6393.605 
44.154 
36.835 
35.335 
22.693 
1 1.506 

70.238 
65.140 
52.561 
46.334 
40.266 
29.234 
19.290 
13.438 
00.323 

6191.562 
73.343 
70.492 
37.696 
36.999 
36.620 
02. I78 

6078.496 
12.75 

5984.805 
83.704 

5976 799 
34.658 
27.798 
20.520 

5809.249 
5778.47 

75.090 
53.136 
31.771 
17.845 
0 I .553 

5679.023 
55.506 

5638.266 
18.646 
15.G52 

5586.763 
76.037 
72.839 
67.401 
62.712 
51.895 
43.930 
06.782 

5497.51 9 
34.527 

6297.80 

0.109 
.346 
.275 
.229 
.352 
,261 
,156 
.I80 
.248 
.I40 
.I38 
.I97 
. I25 
,205 
.204 
.I71 
,094 
.092 
.222 
.189 
.I57 
.232 
,182 
.I74 
.I90 
.I25 
.I93 
.I22 
.098 
.077 
,137 
,104 
,105 
,094 
.093 
.039 
,078 
.IO0 
.I 17 
. I  18 
,093 
,128 
.I76 
. I  I9 
.loo 

0.1 17 
,089 
.337 
,278 
,200 
.289 
,136 
.I17 
.I31 
.I17 
,276 
.290 
.343 

2.82 
2.17 
3.64 
3.67 
3.59 
2.42 
2.42 
3.67 
2.19 
2.58 
2.82 
2.2 1 
2.85 
2.17 
2.39 
3.59 
4.12 
2.83 
2.19 
2.21 
2.60 
2.42 
2.21 
4.77 
2.58 
2.19 
2.44 
4.81 
4.77 
4.54 
4.71 
4.53 
3.93 
3.91 
4.63 
3.22 
3.87 
2.58 
4.20 
4.24 
4.24 
4.27 
2.55 
4.63 
4.24 
4.20 
4.19 
3.32 
3.35 
3.42 
3.38 
2.60 
4.42 
4.53 
4.20 
0.99 
1.01 
1.01 

1.33 
1.58 
3.75 
2.94 
3.73 
2.19 
0.96 
3.12 
1.35 
I .32 
0.90 
0.85 
1.33 
0.90 
2.00 
3.49 
2.56 
1.04 
1.09 
0.87 
1.19 
2.33 
0.76 
3.68 
2.64 
0.88 
2.4 I 
4.16 
3.96 
3.20 
3.99 
3.28 
2.74 
2.83 
3.77 
1.38 
2.46 
0.51 
2.92 
3.37 
3.00 
3.12 
1.65 
3.60 
3.19 
3.25 
2.82 
4.39 
4.18 
3.36 
4.06 
1.22 
3.20 
4.04 
3.08 
0.90 
1.09 
1.41 

-4.776 
.269 
.367 
.447 
.259 
.389 
.608 
,546 
.407 
.655 
.660 
.504 
,700 
.485 
.486 
.563 
322 
.830 
.447 
.517 
.596 
.426 
,530 
549 
,509 
.69 1 
,502 
,698 
.793 
.893 
,640 
,759 
,756 
,800 
305 

-5.181 
-4.872 

.762 

.693 

.688 

.790 

.649 

.510 
$78 
.753 

-4.683 
,800 
,222 
.303 
,445 
,285 
,612 
.677 
,627 
.676 
,300 
.278 
,199 
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63 
64 
65 
G6 
67 
68 
69 
i0 
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76 
77 
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82 
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85 
86 
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89 
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91 
92 
93 
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96 
97 
98 
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I00 
101 
I02 
103 
104 
I05 
I06 
107 

29.699 
24. I5 
05.778 
00.509 

5397. I3 I 
93.174 
83.371 
T 1 :I93 
67.4 70 
64.874 
39.935 
32.903 
24.185 
02.307 

528 1.736 
G8.541 
66.562 
63.314 
53.479 
50.650 
32.946 
17.395 
16.278 

51 92.350 
91.460 
51.915 
4 5. I 05 
23.723 

5083.342 
74.757 
49.825 
44.221 

501 4.950 
02.800 

4950.1 12 
46.394 
39.690 
38.820 
24.776 
20.509 
18.999 
07.743 
03.3 I7 

4891.496 
90.762 
75.89 
72. I44 
71.323 
63.653 

I-. - w 
,591 
.276 
.439 
,187 
.4GG 
,253 
,224 
,558 
.213 
. I85 
.2G3 
,210 
,350 
,258 
,336 
,620 
,258 
.258 
,157 
,234 
,342 
. I92 
.239 
.260 
.218 
,326 
,234 
222 
,232 
.lW 
.3 13 
,250 
0.208 
.I48 
,131 
,171 
.224 
,252 
,178 
,490 
,351 
.115 
.244 
,368 
,306 
. I  18 
.304 
.30 1 
.119 

cont inuat ion of TABLE 1 - / 7 4  

En 
.- . . 

0.95 
4.06 
0.99 
4.35 
0.91 
3.23 
4.29 
0.95 
4 40 
4.43 
3.25 
I .55 
3.20 
3.27 
3.03 
0.66 
2.99 
3.25 
3.27 
2.19 
2.93 
3.20 
1 .GO 
2.99 
3.03 
1.01 
2.19 
1.01 
0.95 
4.20 
2.27 
2.84 
3.93 
3.38 
3.40 
3.35 
0.86 
2.86 
2.27 
2.82 
2.85 
3.42 

2.84 
2.86 
3.32 
2.87 
2.85 
3.42 

2.87 

. . .. . 
1.91 
4.89 
I .82 
4.91 
I .69 
3.30 
5.04 
1.91 
4 71 
4.71 
3.55 
0.85 
4.24 
3.74 
3.27 
2.40 
3.89 
3.33 
2.42 
1.83 
3.62 
3.18 
1.53 
3.81 
3.78 
0.61 
0.62 
0.58 
0.53 
4.39 
2.54 
2.21 
3.82 
2.56 
2.60 
3.09 
0.43 
2.89 
1.96 
4.40 
3.90 
2.24 
3.22 
4.05 
3 61 
2.09 
3.68 
3.90 
2.36 

Ig 1P/h 
.- 

-3.963 
-4.292 

.091 
,460 
.063 
.328 
.481 

-4.4C2 
.3 62 
,308 
.404 

-3.983 

'.. 182 
.3 I2 
.I96 

-3.923 
-4.310 
.309 
.524 
,350 
.is5 
.433 
,338 
.300 
,376 
,198 
.34 1 
.363 
.340 
.405 
,207 
.304 

4.381 
,528 
.57? 
.461 
,343 
,292 
.44 1 
,002 
.I46 
,629 
,302 
.I23 
,203 
,616 
,205 
.209 
.611 

Table 2 p re sen t s  t h e  e x c i t a t i o n  temperatures T obtained f o r  each curve, t h e  

number of atoms N ,  and t h e  v e l o c i t y  v. It follows from t h e  t a b l e  t h a t  a 
change i n  t h e  p rov i s iona l  temperature has  p r a c t i c a l l y  no in f luence  upon t h e  
f i n a l  e x c i t a t i o n  temperatures. 

e 
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TABLE 2 

-1000 3650f 90 30.4+7.8 3.0 
3800 3640flOO 25.2FS.S 3.0 
3600 3620~100 35.5E9.8 3.0 

' -; -; -I -I--- ; +I& xf 

Figure 1 

Growth Curve Compiled 
According t o  t h e  Fe I Lines 
f o r  a Spot on June 1 9 ,  1959 

Figure 1 shows t h e  growth curve f o r  Te = 3600".  

I n  order  t o  con t ro l  t h e  computation of t h e  e x c i t a t i o n  temperature,  t he  
growth curve method which we employed e n t a i l e d  a somewhat d i f f e r e n t  procedure. 
Condi t ional  equat ions w e r e  compiled f o r  t h e  des i r ed  co r rec t ions  A 0  t o  t h e  
provis iona l  temperature (0  = 5040/Te). The problem w a s  solved graphica l ly .  

I n  order  t o  do t h i s ,  t h e  devia t ion  R of po in t s  from t h e  growth curve w a s  
measured along t h e  absc i s sa  axis. It is understood t h a t  t he  smallest hor i -  
zon ta l  s c a t t e r i n g  of po in t s  with respec t  t o  t h e  curve w i l l  occur ,  i f  i t  is  

- 176 

disp laced  by the  va lue  E l  l o = - ,  
(2) It 

where n i s  t h e  number of l i n e s  (po in t s ) .  

W e  then ob ta in  t h e  following from equat ion (1) 

Consequently, A0 may be determined as the  tangent  of t h e  angle  of in -  
c l i n a t i o n  f o r  t h e  l i n e  expressing t h e  dependence between t h e  e x c i t a t i o n  
p o t e n t i a l  of t h e  lower level and the  devia t ion  of t h e  po in t  from t h e  growth 
curve. 

Figure 2 shows t h e  i n c l i n a t i o n  of t he  l i n e s  f o r  d i f f e r e n t  provis iona l  
temperatures.  
a t  d i f f e r e n t  s i d e s .  I f  t h e  average of t h e  two va lues  obtained f o r  t h e  
temperature is used as t h e  provis iona l  temperature,  then t h e  i n c l i n a t i o n  w i l l  
almost equal  zero.  

Exci ta t ion  temperatures of 4000 and 3400" produce an i n c l i n a t i o n  

Solving t h e  system of equat ions (3) according t o  t h e  method of least  
squares ,  w e  ob ta in  t h e  r e s u l t s  shown i n  Table 3 .  

Thus, w e  may conclude on t h e  b a s i s  of both methods t h a t  t h e  e x c i t a t i o n  
temperature of t h e  spot  is t h e  same and comprises 3640".  
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L 

c 

Figure 2 

Dependence Between the Excitation 
Potential of the Lower Level and 
the Deviation of the Points from 
the Growth Curve: 

a - T = 4000"; b - Te = 3400"; e 

e c - T = 3650". 

In order to determine the quanti- 
tative index showing the dependence of 
the equivalent line widths on the 
magnetic field strength for different 
positions of the spot on the disk, we 
formulated the ratio between the sums 
of the equivalent widths. The same 
lines appearing for spots on June 19, 
22 and 27, 1959, and September 19, 1958 
were selected. 
lent widths for a spot on June 22, 
which was located in the center of the 
disk, was used as the unit. 

The sun of the equiva- /77 

Table 4 gives the coordinates, 
the areas in fractions of a million 
for the hemisphere S the magnetic 
field strength H in Gauss for four 
spots, the determined excitation temp- 
eratures T the number of atoms N, 
the atom velocity v, and the ratio 
between the sums of the equivalent 
widths. 

P' 

e' 

According to the theory advanced 
by V. Ye. Stepanov (Ref. 2) ,  the in- 
crease in the equivalent widths of the 
lines in the magnetic field is propor- 
tional to the splitting displacement 
and the number of subcomponents. When 
these sums were compiled, it was 

advantageous to assign the appropriate weight to the line having magnetic 
amplification. The line was included in the sum with a weight equalling n6, 
where n is the number of splitting subcomponents in the magnetic field, and 
6 is the splitting displacement for unit strengths and velocities of the atoms. 

TABLE 3 

4000 
3400 
3650 

21 

.- 

-3.97 
+0.25 
+2.39 

- 

10 1 A@ 

I- ~. 

-0.037 +0.0099 
+0.002 -0.026 
+O .022 3-0.01~37 

- _. .-. -~ 
-0.30 3750+_100 

-0.004 3640k 90 
+0.08 3550f100 

A comparison of the magnetic field strengths of the spots and of the 
ratios between the equivalent width sums shows that there is a definite 
dependence between them: the sum of the equivalent widths is greater at the 
point where the magnetic field i s  stronger. In the case of identical strengths, 
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TABLE 4 

22.W 1959 4-11.5 -- 5 1150 3200 3890+130 7.1+2.1 3.1 1.000 1.000 . -  . _  ~ . . . . . - . . 
19.VI 1959 4 1 1 . 0  -45 1230 3700 36403 9025.236.8 3.0 1.078 1.029 
27.VI 1959 -j-ll.5 +62 13bO 2600 377Ok14U 1S.3k5.6 3.0 0.974 0.951 
19.IX 1958 +17.5 - 6 720 2600 40701170 5.253.4 3.0 0.937 0.850 

a larger ratio corresponds to a position of the spot which is farther from the 
center of the disk, as must be the case according to the theory of magnetic 
amplification. Thus, the "magnetic" index CWi/CW points to the dependence /78 
of the line equivalent widths upon the magnetic field strength and the angle 
y between the line of sight and the field direction. It may be assumed that 
the results derived from the comparison provide statistical confirmation of 
theory advanced by V. Ye. Stepanov. 

C 
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ON THE Ha LINE EXCITATION MECHANISM IN THE SOLAR CHROMOSPHERE 

R. I. Kostik 

The profiles of chromospheric Ha are estimated for 
certain heights above the photosphere. 
radiation is regarded as a source of excitation. It is shown 
that both external and intemal sources are almost equally 
responsible for the luminescence of the H line. The relative 

role of internal sources of excitation increases with the 
height above the photospheric level. 

Photospheric 

a 

V. V. Ivanov (Ref. 1) has calculated the profiles of chromosphere lines, /79 
with allowance for incoherent scattering. An exact solution of the problem 
was obtained, without drawing conclusions as to the physical state of the 
chromosphere and without making comparisions with observations. A study by 
M. V. Matveyeva (Ref. 4 )  was devoted to this same subject. Several assumptions 
were advanced by this author (one-dimensional medium, excitation by continuous 
radiation); however, these assumptions made it impossible to perform a detailed 
comparison with observations. 

The present article calculates the profiles of the Ha line, and compares 
them with observations, in order to determine the luminescence mechanism. 
Certain formulas presented in (Ref. 1, 4 )  were employed. The calculation of 
the profile of a chromosphere line observed on the limb may be reduced to 
calculating the following integral 

1 (T", f,, x) -= ( . r ) t ~  (t, x )  d t ,  (1) 
0 r' 

where T O  is the optical thickness of the chromosphere along the radius of the 
Sun in the center of the H line; T - optical depth of the chromosphere along 
the radius of the sun in the center of the Ha line; t - optical thickness of 
the chromosphere along the line of sight in the center of the Ha line; a ( x )  - 
dimensionless absorption coefficient [ a ( x )  = ; E(T ,x) - dimensionless 
radiation coefficient at the frequency x and at the depth T. 

a 

0 

Let us determine the radiation coefficient by means of the following 
relationship 

E (2, x )  = = ( X I  B (Z>, (2) 

where B ( T )  is the source function. The determination of B ( T )  may be re- - 180 
duced to a concurrent solution of the radiation transport equation and the 
equation of radiative equilibrium (Ref. 5) 
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for the following boundary conditions 

l ( O , @ ,  x )  =o; /(To, 0, x )  = l o ( % ) ,  ( 4 )  

These conditions indicate that the chromosphere is excited by photospheric 
radiation with the intensity I (x) coming from the photosphere. Equations (3) 

for the boundary conditions ( 4 )  may be reduced to one integral equation 
0 

S ( 5 )  =“S’K(,5-7’,)B(73d‘.+ 
0 (5) 

2 

+or s >.TU -1- --- I ,  ( x )  a ( x )  E, [ a  ( x )  (T~- - - c ) ]  dx, 
2 v - / x  

-c. 

where X is the probability of a quantum survival during an elementary scatter- 
ing event; w - dilution factor 

n 
+- 2 

- 

K (z) = A J ~ ( x )  E ,  [a (x>  71 dx;  E ,  ( x )  = J e-rsccesin e sec WQ; 

E , ( x )  = e-Xsccessinedo; A f a ( x ) d x = l .  

E.quation (5) was solved for two values: T O  = 2; T O  = 1. The Doppler halfwidth 
of the Ha line was assumed to equal 0.460 1 (a change in the Doppler halfwidth 
within the limits of 20% had hardly any influence upon the final results). 

-_ 0 
R - 

j: 0 -- 

Let us rewrite equation (5) in the following form - I 8 1  
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A numerical method was applied to solve it. The values of 
from the computations of N. A. Yakovkin. The value of 0.5 

K (T) were taken 
was taken for the 

dilution factor. A change in w with height was not taken into account, since 
it was less than 2% due to the insignificant thickness of the chromosphere. 
It was found that the function B (T) is linear in the case of T O  = 2. It will 
apparently be linear for T O  = 1. Therefore, we have 

B ( T )  = b + b  Z. (7) 

Substituting expression (7) in equation ( 6 )  and assuming that T = 0 and T = TO, 
we obtain a system of two linear equations for determining the coefficients 
a and b 

i K (7') T'dr'+g (T~) 

0 0 

In the case of T O  = 2 a = 0.0386,  b = 0.0383;  in the case of T O  = 1 a - 0.0488,  
b = 0.0568. 

The values of the function 
+e 

-- 
were found by numerical integration. 

- f 8 2  

Figure 1 Figure 2 
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L e t  us r ep lace  E(T,X)  by i t s  va lue  i n  (2) and (7) i n  expression (1). The 
i n t e n s i t y  of r a d i a t i o n  emanating from t h e  chromosphere along t h e  l i n e  of s i g h t  
is then 

'?p (W)  .-a ( x )  "q + b, (X) .-a- 11 2) = ( x  '9 ' 0 2 )  I (9) "I J 
I n  order  t o  c a l c u l a t e  t h e  second component of the  r i g h t  hand s i d e  of 

equation ( 9 ) ,  w e  must know the  dependence of T on t. 
sphere l a y e r s  i s  taken i n t o  account by t h i s  dependence. 
t h e  number of atoms p e r  u n i t  volume decreases wi th  he igh t  above t h e  photosphere 
l e v e l  h according t o  t h e  l a w  e-fih. 
r ad ius  i s  

The curvature  of chromo- 
W e  s h a l l  assume t h a t  

The o p t i c a l  depth i n  t h e  d i r e c t i o n  of t h e  

(10) 

where 00 is  the  absorption c o e f f i c i e n t  i n  t h e  center of the  l i n e .  It may be 
seen from Figure 1 . t h a t  

SP rzz  - + 12 ; 
2R (11) 

PS' 
I 2R 

_ -  
E (r)  = - a,, e-ph e 

B 
. 

The o p t i c a l  thickness  along t h e  l i n e  of s i g h t  is 

006- 

Mb - 

am - 
I 

-2-1 0 1 2  -2-1 0 1 2  -2-1 0 I 2  -2-1 0 I 2  -2-1 0 1 2  
b.20 t -30 t-60 

b-'o &&.I 
6-5 

t", -2-1 0 1 2 -2-1 0 I ? -2-1 0 I a -2-1 0 I 2  -2-1 0 I 2 

Figure 3 



Since 

-_ 
we finally obtain 

The dependence of T on t, computed according to formula (15),is shown in 
When the profiles of the H line were calculated Figure 2 ( B  = 1.0.10-8 cm) . 

according to the equation ( 9 ) ,  the second term of the right hand part was 
computed by numerical integration. Figure 3 presents the computational results 
for different values of T O  and t 

c1 

0' 

Figure 4 

Let us compare the calculated - 184 
profiles with the observed profiles. 
A relatively small number of slit 
spectrograms of the chromosphere lines 
was obtained. We employed the observa- 
tions described in (Ref. 2 ,  3), which 
were performed when there were no 
ellipses. Figure 4 shows the observed 
profiles of the H line (h = 1500, 2200,  

2900 km above the level of the photo- 
sphere) as well as profiles computed 
according to formula ( 9 )  for T O  = 1 
(Dots - observed values; crosses - re- 
duced profile; solid line - calculated 
values). 

c1 

The table below presents the total observed and calculated intensities 

These deviations may be explained by the influence of 
( T O  = 1). The last column gives the deviations of the calculated values from 
the observed values. 
inner excitation sources, which we did not take into account. Attention 
should be called to the increase in the relative portion of inner excitation 
sources with an increase in the height above the photosphere level. 

In summary, it may be stated that luminescence of the H line is almost 
c1 

equally caused by outer and inner excitation sources. 
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Observational Data 

___. ._ - .. - -  .. __ i 

1100 - 0.139 - ' 0.139 0.125 10 
1550 0.257 0.147 - 0.202 0.110 46 
2 2 ~ 0  0.194 0.145 0.200 0.179 0.090 50 __.. _. 

2900 0:iOS 0.12i 0.i73 0. i33 0:o70 47 
3200 O.OS1 0.110 0.161 0.117 0.060 49 
3600 O.OS0 0.092 0.146 0.106 0.050 53 
3800 0.(174 0.093 0.139 0.1 '0 O . O t 4  56 
4400 0.059 0.059 0.118 0.079 0.031 61 
4700 0.048 0.047 0.110 0.065 0.025 62 
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INFLUENCE OF DISSIPATION ON PLASMA EQUILIBRIUM IN A MAGNETIC FIELD 

L. M. Shul’man 

Plasma equilibrium conditions are formulated, taking 
into consideration dissipative processes. The electron 
thermo- and electroconductivity are specially considered. 
There are some cases when the investigation of dissipative 
plasma equilibrium can be reduced to the solution of some 
plane and one-dimensional problems. One-dimensional equi- 
librium configurations with a constant magnetic field grad- 
ient and constant density of matter are discussed. The 
effect of volume sources and energy loss is examined in the 
case when they predominate in the establishment of thermal 
equilibrium. 

This article investigates the influence of finite conductivity and heat /86 
transfer upon magnetohydrostatic equilibrium of a thermodynamically ideal 
plasma. If we may disregard the dissipative processes in the plasma and if 
there is no field of gravity, the balancing of the magnetic forces and the gas 
pressure is sufficient for establishing equilibrium. A s  is known, the only 
equilibrium condition may thus be reduced to the condition that the sum of the 
gas pressure gradient and the Maxwell tensor divergence equals zero. It is 
apparent that equilibrium exists in a non-dissipative plasma in the case of 
arbitrary distributions of temperature and density of matter. 
dissipative processes significantly constricts this arbitrary condition. 
particular, it may be that a strictly determined temperature distribution 
corresponds to a given magnetic field configuration. 

Allowance for 
In 

Equilibrium Conditions 

The motion of a plasma in a magnetic field, with allowance for the finite. 
conductivity and thermoconductivity which are regarded as functions of the ’ 
thermodynamic parameters, is described (Ref. 1) by the system of equations 

?! = rot [vH] - rot ( v  rot H); 
di 

- aP + div (PV)=O; 
at 

(3)  

( 4 )  

(5) 
s=so+c, In (pp-7): p=pRT.  



In the presence of dissipation, it is apparent that, in addition to the 
condition of Maxwell equilibrium 

1 vp=- - [H rot HI 
4n (6) 

the steady state condition of the magnetic field must be fulfilled 

rot ( v  rot H) =O. (7 )  

The third equilibrium condition -- the steady state condition of the 
temperature field -- yields one equation 

-L (rot H)’+V (~ .VT)=O.  (8) 
4n 

The family of equations (6-8) contains all five unknowns. However, their 
structure is such that a solution exists, in spite of the overdetermination 
of the system. 

In actuality, integrating equation (7) , we obtain 
1 rotH = --q. 
V 

where +(x,  y, z )  is an arbitrary function which is twice differentiable. 
remaining equilibrium conditions may now be written in the following form 

It may readily be seen that the system (9-11) has at least two classes 
of solutions: trivial solutions (p = const, T = const), and forceless solutions 
(rot E = c1 H). 
erature fields by the following relationships 

In the latter case, the magnetic field is related to the temp- /88 

1 H = -vp’~; 
va 

Equilibrium in the Case of Electron Transfer 

The transfer coefficients, appearing in the preceding equations, depend 
on temperature, the vector of the magnetic field strength (anisotropy) and on 
the plasma density (by means of the Coulomb logarithm). 
caused primarily by electrons, we may then set 

If the transfer is 

where 00 and KO are the quantities which depend slightly on density. Without 
allowance for anisotropy, the equilibrium conditions assume the following form 
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If the conditions at the boundary and the function +(x, y, z )  are given 
in the entire region being studied, we may find the temperature distribution 
according to equation (17). 
equation (15),  and the pressure p(x, y, z) according to equation (16). 

We may then find the magnetic field according to 

Under real physical conditions, the magnetic field depends on all three 
spatial coordinates. Therefore, strictly speaking, any problem regarding 
equilibrium of a magnetized plasma is a three-dimensional problem. However, 
we may point out certain simple cases, when an adequate representation of the 
equilibrium configuration yields the solution of the plane or even the one- 
dimensional problem. This simplification makes it possible to reduce the 
mathematical difficulties connected with an investigation of the system (15-17) 
in a general form, and makes it possible to obtain the simplest solutions. 

Equilibrium in a Plane - I 8 9  

Symmetry of the configuration may lead to the fact that the equilibrium 
parameters in a certain plane are independent of their behavior in the vicinity 
of this plane. 
problem. 

They may be determined by solving the corresponding plane 
This may be verified by setting 

cP=zf(x, Y). (18) 

In the vicinity of  the plane z = 0 ,  the gradient of this function has only 
one non-zero component. This means that the electric current intersects the 
plane z = 0 at a right angle. If the temperature assumes extreme values in 
this plane, or if it does not depend on z in general, the magnetic force lines 
lie in the xy plane. The problem formulated in this way may degenerate into 
a two-dimensional problem. After simple transformations, a system is obtained * 

from equations (15-17) for determining the fields of the physical quantities 
in the infinitely small vicinity of the plane xy. 
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The case f(x, y) = const. occupies a special position. The xy plane loses 
its priveleged role, since all of the quantities cease to depend on z ,  not only 
in the vicinity of the zero plane, but also in the entire space. 

The arbitrary function in the system (19-22) makes it possible to obtain 
different forms of the equilibrium conditions which are suitable for solving 
a certain specific problem. For example, introducing the new arbitrary function 

L ( x ,  Y) = 7x,ce 2ao T'/z f' ( x ,  y) > 0, 

we obtain the Poisson equation for T7'2; the general solution of this equation /90 
has the following form 

- ~~ 

where R = d(x - x') + (y - y')2 , and a/an is the derivative in the direction 
of the normal: this normal is outside of the Contour C y  along which the 
second integral is taken. 
at the region boundary and the temperature gradient in order to perform the 
calculation. By determining the temperature according to equation (23), we 
may calculate the current density 

It is necessary to know the temperature 

and we may then calculate the magnetic field by employing the methods of 
magnetostatics. This computational method is not suitable, if the magnetic 
field is the given quantity, and not fl(x, y). 

to introdu.ce a certain arbitrary function which is proportional to the current 

In this case, it is advantageous 

density 

The remaining equilibrium cond.itions acquire the following form 

The main difficulty which is entailed in calculating the equilibrium con- 
figuration for the given portion consists of integrating the non-linear equa- 
tion (27). 

Equilibrium AlonLa Straight Line 

If the magnetic force lines are perpendicular to the xz-plane, then 
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aT In the case of - = 0, equilibrium along the line Ox does 
aY 

not depend on the temperature distribution, or the density and pressure in the 
vicinity of this line. It may be calculated by solving the corresponding one- 
dimensional problem. The equilibrium conditions are now particularly simple: 

- / 91 

Introducing the new arbitrary functions, we may obtain the explicit form of 
the solutions investigated above for the case of equilibrium in a plane. 

Following are several of the simplest examples. If the plasma is iso- 
thermic, then its equilibrium state is trivial -- the plasma must be uniform 
and uniformly magnetized. 

A plasma of constant density may be in equilibrium only in the case of 

where the temperature distribution is subordinate to the condition 

8 ~ ~ ~ 3 ~  ( T o  - T )  

This equation may be written in dimensionless variables 

where T 
L is an arbitrary constant with the dimension of length. 
thermoequilibrium may now be written as follows 

is the temperature at the neutral point of the magnetic field, and 0 
The condition of 

and may be integrated by quadratures - /92 

It is even simpler to calculate the configuration with a constant field 
gradient. 
thus be described by the following relationships 

The distribution of the magnetic field and of the gas pressure may 
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where po is the pressure at a neutral point. 
may be found by integrating the following equation 

The temperature distribution 

Its solution has the following form 
3rc cos TIT, 

x - = J  cosB” Td7, 
L 

0 

where the following quantity is the unit of spatial scale 

(35)  

Role of Volume Sources and Energy Loss 

The influence of volume sources and energy l o s s  was ignored in the preced- 
ing sections. 
equilibrium configurations investigated above cannot be realized, due to the 
impossibility of satisfying the correct boundary conditions. If we formally 
extrapolate the solutions obtained to infinity, we obtain negative values 
for density, temperature, and pressure. A uniform (in the absence of gravita- 
tion) state is the only equilibrium condition of the plasma which satisfies 
the conditions at infinity. 

However, when there are no external sources and losses, the 

In order that equilibrium, magnetized non-uniformity may exist in a 
1-9 3 uniform plasma, surface energy sources are requisite, and in certain cases - 

fields on the boundary of the non-uniform region which specify the correlation 
between the different solutions of the equilibrium equations. We may compile 
more complex configurations from the equilibrium configurations investigated 
above, by introducing external sources on the conjugate surfaces. 

The necessity of allowing for volume sources, and not surface sources, 
arises in astrophysical problems. For example, if a plasma is optically trans- 
parent, the possibility of energy l o s s  due to radiation must be taken into 
account. The inflow of energy may be caused by thermonuclear reactions, by 
dissipation of waves arriving from the outside, and by other factors. 
case of acoustic plasma heating, we may separate the regular background from 
the random 
of energy. 

In the 

pulsating motions, and we may regard the latter as a volume source 

The problem formulation in the general case requires the introduciton of 
However, it may be represented appropriate terms in the energy equation ( 4 ) .  

more simply for studying the case when the volume sources are considerably more 
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effective than the liberation of heat due to dissipation of the regular 
magnetic field, and when the radiation energy flux is considerably greater than 
the conductive heat flux. Thermoequilibrium is thus maintained primarily due 
to balancing of the volume sources and losses. 

Let us approximate the specific volumetric inflow of energy by the ex- 
pression Q+ = a+ pm+Tn+, where a+ is a certain dimensional coefficient which 

does not depend on the thermodynamic parameters. 
quantity for the energy losses in the form Q- = a- pm-Tn-. 
may be observed in the case of 

We may write a similar 
Thermoequilibrium 

a+ pm+ Tn+ =n-pr'l- Tn-. (37) 
The remaining equilibrium conditions are the same as previously 

where 

(38) 

(39) 

It may be readily seen that in the case of p = const the field with 
zero force rot H = ci H may satisfy the equilibrium conditions. 
field is thus 

The magnetic 

The fact that it is described by a scalar potential once more points to the 
impracticability of a configuration with zero force in all space [compare 
with the study (Ref. 2)]. 

/94 

If thermoequilibrium is maintained due to volume sources and energy loss, 
the necessity arises of introducing and calculating an arbitrary function. 
The pressure may be calculated directly from equation ( 6 )  based on the given 
magnetic field, and the density and temperature may then be determined from 
equation (37 )  and the Clapeyron equation. 

Thus, in the case under consideration --- just as in an adibatic plasma -- 
the selection of the equilibrium configuration is still quite arbitrary. The 
difference from an adibatic plasma lies only in the fact that a specific 
distribution of temperature and density corresponds to the given distribution 
of the magnetic field and the gas pressure. 
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ON TAE CHOICE OF THE PRE-FLARE PLASMA STATE MODJiZ 

L. M. Shul'man 

The problem of the pre-flare plasma state model is 
discussed. The pre-flare state has to be an equilibrium 
state up to very slow processes. It is shown that acoustic 
heating and radiation rapddly set up thermal equilibrium in 
the chromospherical plasma. Therefore, the models formerly 
proposed are incorrect unless they satisfy the thermal 
equilibrium conditions. 

As observations have shown, (Ref. 5), solar flares arise in regions which /95 
are characterized by a composite structure of the magnetic field. 
process itself may be interpreted as a transition of the plasma from the 
"excited" equilibrium state w2th excess magne.tic energy into another equilibrium 
state which is accompanied by the transformation of the magnetic field energy 
into kinetic and thermal plasma energy, as well as Into the radiation energy 
of rapid particles. The more the magnetic fields are rearranged, the more 
intense is the flare. This fact was established as a result of extensive 
research carried out at the Crimean Astrophysical Observatory (Ref. 1, 2). 

The flare 

In spite of the fact that certain phenomena related to the flares are 
more or less clear from a qualitative standpoint, no quantitative theory of 
flares has yet been formulated. This is due to the fact that the great diver- 
sity and complex nature of each individual phenomenon make it difficult to 
formulate anadequate model of the process, which is sufficiently simple at the 
same time, and which could sustain a rigorous physical and mathematical 
analysis. Therefore, it is of interest to formulate a simplified model of a 
flare in general -- i.e., a rather abstract picture of the transformation of 
the magnetic field in the plasma, which is accompanied by the change of mag- 
netic energy into other forms. 
vicinity of a neutral point of a magnetic field belongs to this category 
(Ref. 3,  6-12, 14-16). 

Research on a theory for discharge in the 

The theory must answer several questions. Certain of these questions are 
as follows. How may an equilibrium configuration of a plasma with a magnetic 
field, which does not satisfy the condition of an energy minimum, be produced 
and exist for a long period of time? 
equilibrium disturbed? What are the gasodynamic, electrodynamic, and thermo- 
dynamic situations in the process after equilibrium has been disturbed? How 
may we explain the comparatively short duration of a flare? 

How, and for what reason, is the initial& 

In order to answer the second question, it is natural to formulate and 
discuss a hypothesis regarding the instability of the plasma formation, in 
which the flare arises (Ref. 3 ,  6, 7, 10, 12). An attempt to study a non- 
selfconsistent process -- compulsory contraction of the plasma by a magnetic 
field which is increasing in the vicinity of the neutral point -- in essence 
represents a special case of this hypothesis. The only difference lies in the 
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fact that in this case the causes of the instability producing the field 
amplification are not studied, but rather the causes of the instability which 
is directly due to this amplification (Ref. 9 ) .  This question may be answered 
by stipulating that motion plays the role of the causative factor in a group 
of spots. 
equilibrium is unstable, may be in this state considerably longer than the 
duration of the transition process into a stable state. What specifies the 
metastable state of the plasma, and why does the transition into the stable 
state not occur gradually, in accordance with the deformation of the initial 
stable configuration? Dungey (Ref. 15) and Sweet (Ref. 17), who studied the 
unstable configuration of a magnetic field with a neutral point of the X type, 
which is produced when the magnetic poles converge, avoided this fact. 

However, it is still not completely clear why a plasma, whose 

Not every instability of a plasma configuration may serve as a flare model. 
Changes in the magnetic field configuration during the development of an 
instability are insufficient for observing a flare. 
instability be accompanied by dissipation of a significant portion of the 
magnetic energy. 
satisfactory from this point of view. 

It is necessary that the 

Studies performed in the adiabatic approximation are un- 

The formulation of a theoretical flare model may be initiated with the 

When a pre-flare configuration is 
selection of a certain, comparatively simple configuration of a magnetized 
plasma, whose stability is then studied. 
selected, it is usually specified that the plasma is in mechanical equilibrium. 
This makes it possible to select the initial plasma state quite arbitrarily. 
If attention is called to the dissipative processes, then the arbitrary nature /97 
of the selection may be significantly reduced, since electrodynamic and thermo- 
equilibrium will be observed, in addition to mechanical equilibrium. 

The purpose of this article is to clarify the extent to which the model 
of the pre-flare state, which was studied previously, satisfies these condi- 
tions. 

The simplest model of the pre-flare state is the one-dimensional equilib- 
rium configuration with a constant magnetic field gradient, which was studied 
by A.  B .  Severnyy (Ref. 10). The l a w  governing the density change within the 
current layer was selected in the following form 

P = Po (y), 
i.e., it was postulated that the temperature within the layer was constant. 
If thermal equilibrium in the layer were maintained due to the electron thermo- 
conductivity, then -- as may be seen from the equilibrium condition (30*)* -- 
the condition of a constant temperature entails the condition f(x) E 0. 
its turn, this condition requires that the gas pressure be constant, and the 
magnetic fieldbe uniform. It may be shown that radiation energy losses  and 
acoustic heating in the chromosphere of the Sun play a more significant role 
in establishing horizontal equilibrium than does Joule dissipation and electron 
thermoconductivity, However, in chis case the isothermality entails uniformity, 
* The numbers of formulas from the article (Ref. 13) are designated below by 
an asterisk. 

In 
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and is incompatible with the presence of a neutral plane. 

Another one-dimensional configuration (Ref. 9) with more complex laws for 
measuring the density and field strength has also been studied: 

The temperature distribution follows from formulas (2) and (3) and the condi- 
tion of mechanical equilibrium 

T=To (I;."') - ( 4 )  

Substituting expressions (2) - ( 4 )  in formulas (28*) - (30*) ,  we find /98 
that the distributions (2), (3 )  are incompatible with the conditions of thermo- 
equilibrium, which is established due to electron transfer. In actuality, it 
follows from condition (30*) that 

The left hand side of this equation is essentially positive, whereas the right 
hand side becomes negative in the case x2 > L2/6. 
that the electron thermoconductivity is not in a position to provide the temp- 
erature distribution ( 4 ) .  

It may thus be stated 

Let us determine whether such a temperature distribution is established 
due to volumetric energy 
of pressure and temperature follows from formulas (2) - ( 4 )  

exchange. The relationship between the local values 

p:=poRTfli TI,, (6) 
while it follows from formula (37*) that 

It is apparent that the plasma will be in thermoequilibrium if the following 
equations are fulfilled 

Although in principle configuration (2), (3) is compatible with volumetric 
energy exchange, the sources and 'losses which occur in actuality do not 
satisfy conditions (8). 

A configuration with a neutral point of the type X has been regardedin 
(Ref. 3 ,  10) as the model of a pre-flare state. 
field OR the coordinates thus has the form 

The dependence of the magnetic 

H, = k , ~  4- k , ) ~ ;  H ,  = - ( h  I x +h?)r), (9)  
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where k k2, k are constants. The pressure distribution is determined from 

the condition of mechanical equilibrium 
1' 3 

where poo is the pressure at a neutral point. 

distribution of the field and the pressure, in conjunction with the condition 
of thermoequilibrium, is independent of the mechanism by which thermoequilib- 
rium is established. However, on this basis we cannot assume that the con- 
figuration being discussed is suitable for a model of a pre-flare state. 
actuality, according to well known determinations, the time required to 
establish thermal and electrodynamic equilibrium by means of electron transfer 
is very large, but the radiation-acoustic processes establish thermal equilib- 
rium quite rapidly. It is significant that the thermal relaxation time T does 
not depend on the linear configuration dimensions in this case. A specific 
determination of the relaxation time depends on the assumed chromosphere 
model. Employing the model of Jager-Kuperus (Ref. 16), we may obtain the 
expression 

It may be shown that this 

/99 
In 

(11) 
1 0 - 1 . 3  Tl.9. 

The substitution of any tenable temperature values at the neutral point yields 
a time which is less than one minute. If we assume the model advanced by 
M. A. Livshits and G .  M. Nikol'skiy (Ref. 4 ) ,  the relaxation time decreases 
by one-two orders of magnitude. In both models of the chromosphere, the 
density is related to the temperature by the universal relationship 

p = c TI.. (12) 
The coefficient C in the model of Jager-Kuperus is on the order of 10-3 ; in 
the model of G. M. Nikol'skiy it is one order of magnitude less. Thus, equations 
(8) are not fulfilled. An elementary determination of the maximum field 
strength by means of the relationship p = H2/8 n and expression (13) yields 
values which are on the order of several Gauss, which sharply diverges from 
observations. 

The reason for this divergence may be indicated. The determination 
pertains to the strength of a self-consistent field of a magnetized non- 
uniformity which is entirely located in the chromosphere, or in the inter- 
mediate region to the corona. Such weak magnetic fields can actually exist 
here. The field of the pre-flare configuration belongs primarily to sub- 
photospheric currents, and not to chromospheric currents. This field is 
almost completely nonvortical in the chromosphere (rot H = 0), and therefore 
it is a field with zero force. A field with zero force has no influence upon 
equilibrium, and may have any strength. Thus, the figure eight configuration 
of the field, which was investigated by Dungey (Ref. 15) is arbitrary to a 
significant extent. It must be assumed that the configuration postulated by 
Sweet (Ref. 7)  is closer to the real configuration. 
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CONVECTIVE STAR MODEL WITH NON-RIGID ROTATION 

V. V. Por f i r ’yev  

The paper dea l s  wi th  the  s t a t i o n a r y  r o t a t i o n  of stars. 
It is  proved t h a t  s t a t i o n a r y  r o t a t i o n  i s  cha rac t e r i zed  by 
a decrease of angular v e l o c i t y  and “equa to r i a l  slowing“ 
down on t h e  s u r f a c e  of a star i n  t h e  presence of s u f f i c i e n t l y  
developed c i r c u l a t i o n .  It is  shown t h a t  such a l a w  of rota-  
t i o n  i s  no t  observed i n  real stars; the re fo re ,  i t  i s  necessary 
t o  consider r o t a t i o n  without c i r c u l a t i o n .  

The equations of star s t r u c t u r e  i n  t h e  absence of c i r -  
cu l a t ion  are derived. I n  t h i s  case t h e  l a w  of r o t a t i o n  i s  
determined by t h e  d i s t r i b u t i o n  of temperature and dens i ty  
i n  the  star.  

The l a w  of r o t a t i o n  f o r  a s ta r  wi th  a convective core and 
a r a d i a t i v e  envelope i s  given. The angular v e l o c i t y  of rota-  
t i o n  inc reases  slowly towards the  su r face .  D i s t r i b u t i o n  of 
the  angular v e l o c i t y  on the  su r face  of such a s tar  is  s i m i l a r  
t o  t h a t  observed f o r  the  Sun. 

Se l ec t ion  of ~t Rot-ation Law 

Up t o  t h e  present  t i m e ,  when t h e  inne r  s t r u c t u r e  of a r o t a t i n g  s ta r  has / l o 1  
been inves t iga t ed ,  it has almost always been assumed t h a t  angular v e l o c i t y  does 
not  depend on t h e  coordinates -- i .e. ,  i t  w a s  assumed t h a t  t h e  r o t a t i o n  i s  
r i g i d .  However, as w a s  shown i n  t h e  study (Ref. 5),  t h i s  assumption leads t o  
in so lub le  con t r ad ic t ions .  This study determines the  s t a t i o n a r y  l a w  f o r  the  
r o t a t i o n  of a star.  A prel iminary i n v e s t i g a t i o n  w a s  c a r r i e d  out i n  (Ref. 51, 
and t h e  r e s u l t s  of more comprehensive and p r e c i s e  ca l cu la t ions  are presented i n  
t h i s  ar t ic le .  

Since w e  cannot assume t h a t  t h e  r o t a t i o n  of a star is r i g i d ,  w e  must d e t e r  
mine the  l a w  of r o t a t i o n  or  t h e  condi t ions which enable  us t o  f i n d  it during 
t h e  computational process.  W e  s h a l l  f i r s t  i n v e s t i g a t e  the  Euler  equation f o r  
t h e  $-component of ve loc i ty .  
with respect  t o  t i m e  equal  t o  zero ,  s i n c e  w e  s h a l l  only consider a s t a t i o n a r y  
case.  

W e  may immediately set t h e  p a r t i a l  d e r i v a t i v e  

L e t  us w r i t e  t h e  following equation 

Two assumptions w e r e  pos tu l a t ed  when t h i s  equation w a s  derived: The n e g l i g i b l y  
s m a l l  amount of inner f r i c t i o n a l  f o r c e  and t h e  r e t e n t i o n  of t h e  stellar axial 
symmetry ( t h e  l a t t e r  assumption i s  obvious). 
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Subs t i t u t ing  v = r w  s i n d  i n  equation (I), a f t e r  simple t ransformations + 
w e  ob ta in  t h e  following equation 

aw art, rur sin 9 - + v8 sin 9 - + 2 v p  sin 8+2 v8wcos 8=0, 
ar as 

which r ep resen t s  a determination of t h e  stellar r o t a t i o n  l a w ,  i f  t h e  c i r cu la -  
t i o n  cu r ren t  system is  given. / l o 2  

Equation (2) i s  automatical ly  f u l f i l l e d ,  i f  t h e  c i r c u l a t i o n  rate equals  
zero. W e  s h a l l  ca l l  t h i s  r o t a t i o n  l a w  "the non-c i rcu la t ion  l a w  of rotat ion".  
W e  s h a l l  show t h a t  it is  completely determined by t h e  d i s t r i b u t i o n  of tempera- 
t u r e  and densi ty  i n  the  star. 

When c i r c u l a t i o n  e x i s t s  i n  t h s  r o t a t i n g  s tar ,  t h e  dependence of the  &ngu- 
lar v e l o c i t y  on t h e  coordinates i s  determined by t h e  cu r ren t  d i s t r i b u t i o n  -- 
i .e.,  by the  c i r c u l a t i o n  rate components v and v U t i l i z i n g  t h e  equation of 

d i scon t inu i ty  and assuming s t a t i o n a r i t y ,  w e  may express t h e  rates v and v by 
means of the  cu r ren t  funct ion : 

r 9 '  

r 9 

S u b s t i t u t i n g  expression ( 3 )  i n  equation (2), a f t e r  simple transformations w e  
obtain 

It may be r e a d i l y  seen t h a t  the  angular v e l o c i t y  may be  determined by the 
following r e l a t i o n s h i p  f o r  t h e  given cu r ren t  funct ion 

The funct ion 
dependence of t h e  
following formula 

r2(o sin2 8 =f( .S) .  (5) 

of S has a constant value on t h e  su r face  of the  s tar ,  and the  
angular v e l o c i t y  on t h e  l a t i t u d e  may be described by t h e  

1 
sin2& 

w--- 

I n  this case,  the  angular v e l o c i t y  has a s i n g u l a r i t y  c lose  t o  t h e  s te l la r  poles. 
Therefore,  w e  must t ake  the  inne r  f r i c t i o n  i n t o  account i n  t h e  region which i s  
c lose  t o  t h e  axis of r o t a t i o n .  This leads t o  the  occurrence of an a d d i t i o n a l  
f a c t o r  of t h e  type 1 - e-a sin2fi  i n  expression ( 6 ) .  

The problem of the  s t a b i l i t y  of the  r o t a t i o n a l  l a w  i s  very important. 
Unfortunately,  only gene ra l ,  q u a l i t a t i v e  statements may be given regarding 
t h i s  problem, s i n c e  s i g n i f i c a n t  d i f f i c u l t i e s  are e n t a i l e d  i n  a c o r r e c t  mathe- /lo3 
mat ica l  formulation of it. 

It is  apparent t h a t  i f  a l a w  of r o t a t i o n  i s  e s t ab l i shed  i n  a r o t a t i n g  star, 
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which may b e  determined by formula (5), i t  w i l l  be  maintained f o r  an i n d e f i n i t e  
per iod  of t i m e .  However, i t  is n o t  clear whether t h i s  may b e  determined with- 
ou t  t h e  most d e t a i l e d  mathematical  s t u d i e s  and whether such a l a w  of r o t a t i o n  
can be es t ab l i shed  i n  genera l .  I n  p a r t i c u l a r ,  w e  do no t  know what t r a n s p i r e s  
w i th  a star which is i n  a s ta te  of r i g i d  r o t a t i o n  a t  t h e  i n i t i a l  per iod  of t i m e .  
It is clear that c i r c u l a t i o n ,  which may be  determined by t h e  theorem of Z e i -  
p e l ,  slowly arises i n  such a star. This c i r c u l a t i o n  changes t h e  l a w  of ro ta -  
t i o n  q u i t e  r ap id ly ,  which l e a d s  t o  an i n t e n s i f i c a t i o n  of t h e  c i r cu la t ion .  It 
is  p o s s i b l e  t h a t ,  as a r e s u l t ,  a s t a t i o n a r y  l a w  of r o t a t i o n  is es t ab l i shed  
which corresponds t o  expression (5). However, i t  is a l s o  poss ib l e  t h a t  t h e  
s tar  cannot reach a s t a t i o n a r y  state, and r o t a t i o n a l  o s c i l l a t i o n s  are estab- 
l i s h e d  wi th in  i t  (Ref. 6 ) .  Unfortunately,  t h e  mathematical problems which 
arise when such a case i s  s tud ied  are s o  complex, t h a t  it is hard ly  poss ib l e  
t o  so lve  them a t  t h e  present  t i m e .  

The s t a b i l i t y  of a non-circulat ion r o t a t i o n a l  l a w  i s  even more complex. The 
non-circulat ion l a w  f o r  reg ions  i n  r a d i a t i v e  equi l ibr ium cannot be  ba ro t rop ic ,  
s i n c e  i n  t h i s  case Zeipel  C i rcu la t ion  arises. According t o  t h e  theorem of 
Bjerknes-Rosseland, b a r o c l i n i c i t y  of r o t a t i o n  assumes the formation of c i rcu-  
l a t i o n .  On f i r s t  glance,  i t  would appear t h a t  a non-circulat ion l a w  of ro ta -  
t i o n  cannot be s t a b l e .  However, such a conclusion is  premature. 

W e  cannot so lve  t h e  problem of t h e  s t a b i l i t y  of a non-circulat ion l a w  of 
r o t a t i o n  without t h e  appropr i a t e  ca l cu la t ions ,  bu t  w e  may make a few statements  
regarding t h e  condi t ions  under which i t  i s  s t a b l e .  F i r s t  of a l l ,  t h e  case i s  
n o t  excluded i n  which Bjerknes c i r c u l a t i o n  does no t  arise i n  genera l  under such 
a l a w  of r o t a t i o n .  Even i f  i t  does arise,  i t  may be s o  weak t h a t  depar ture  
from t h e  s ta te  of equi l ibr ium requ i r e s  a per iod of t i m e  which i s  comparable 
wi th  t h e  t i m e  of evolu t ion  f o r  t h e  s tar .  

A change i n  t h e  l a w  of r o t a t i o n  due t o  t h e  c i r c u l a t i o n  which i s  produced 
cannot l ead  t o  a change i n  t h e  s t e l l a r  s t r u c t u r e .  A very i n t e n s i v e  prel iminary 
s tudy  has  shown t h a t  c i r c u l a t i o n  a r i s e s  i n  t h e  s tar  which proceeds i n  an oppo- 
s i te  d i r e c t i o n  t o  the  c i r c u l a t i o n  producing t h e  change i n  t h e  l a w  of r o t a t i o n .  
I n  t h i s  case, r o t a t i o n a l  s t a b i l i t y  according t o  Lyapunov is  provided. F ina l ly ,  / l o 4  
as Mestel (Ref. 1) has shown, c i r c u l a t i o n  produces asymmetrical d i s t r i b u t i o n  of 
t h e  molecular weight ,  since a substance r i c h  i n  helium passes  out  from t h e  con- 
vec t ive  core.  This must a l s o  l ead  t o  ces sa t ion  of c i r c u l a t i o n  i n  t h e  star. 
Thus, q u a l i t a t i v e  cons idera t ions  po in t  t o  t h e  conclusion t h a t  t h e  non-circula- 
l a w  of r o t a t i o n  i s  s t a b l e .  

Since a mathematical  s tudy  of t h e  s e l e c t i o n  of t h e  l a w  of r o t a t i o n  i s  
ha rd ly  f e a s i b l e  a t  t h e  p re sen t  t i m e ,  w e  must t u r n  t o  observa t iona l  da t a  and 
must use them t o  reach a conclusion regarding t h e  l a w  of r o t a t i o n  i n  real 
stars. However, our knowledge i s  q u i t e  l i m i t e d  on t h i s  po in t .  The l a w  of ro- 
t a t i o n  f o r  only one s tar  is  known -- t h e  Sun, and w e  only know t h e  dependence 
of t h e  angular  v e l o c i t y  upon l a t i t u d e  on i t s  sur face .  
t i o n a l  information by s tudying t h e  e f f e c t s  of r o t a t i o n  i n  t h e  r a d i a l  v e l o c i t y  
curves f o r  e c l i p s i n g  b i n a r i e s .  Unfortunately,  t h e  accuracy wi th  which r a d i a l  
v e l o c i t i e s  may be  determined i s  i n s u f f i c i e n t  f o r  a r e l i a b l e  determinat ion of 
t h e  l a w  of r o t a t i o n .  However, a d e t a i l e d  ana lys i s  of observat ions l eads  us t o  

W e  may ob ta in  some addi- 
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t h e  assumption t h a t  a l a w  of r o t a t i o n  which is  cha rac t e r i zed  by e q u a t o r i a l  
a c c e l e r a t i o n  is  most probable. 
( 5 )  according t o  which s t r o n g  e q u a t o r i a l  dece le ra t ion  m u s t  be  observed. 

Therefore,  w e  m u s t  renounce the l a w  of r o t a t i o n  

Allowance f o r  inner f r i c t i o n  cannot change our  conclusion i n  any way, 
s i n c e  v i s c o s i t y  can decrease t h e  v e l o c i t y  g r a d i e n t s ,  b u t  it is  abso lu te ly  im- 
probable t h a t  i ts e f f e c t  may change t h e  s i g n  of t h e  gradient .  

Thus, we must assume a l a w  of r o t a t i o n  without c i r c u l a t i o n .  This assump- 
t i o n  considerably f a c i l i t a t e s  t h e  problem, s i n c e  i n  t h i s  case the  equation of 
d i s c o n t i n u i t y  is exac t ly  s a t i s f i e d ,  and t h e  d e r i v a t i v e  wi th  r e spec t  t o  t i m e  of 
t h e  +-component of v e l o c i t y  vanishes i n  t h e  Euler  equation. 

Basic Equations of t h e  Theory 

S t a r s  of t h e  main sequence may d i f f e r  considerably i n  terms of t h e i r  s t r u c  
ture .  A model wi th  a convective core and a r a d i a t i v e  envelope corresponds t o  
t h e  upper s e c t i o n  of t h e  main sequence. 
t h e  c e n t r a l  s e c t i o n  and wi th  an envelope which is  i n  a s ta te  of convective 
equi l ibr ium corresponds t o  s tars  of t h e  lower s e c t i o n  of the  main sequence. 
The p resen t  a r t i c l e  w i l l  i n v e s t i g a t e  a model wi th  a convective core and a 
r a d i a t i v e  envelope; t h i s  model w a s  compiled f o r  t h e  star Y Cyg by Rundkjbing 
(Ref. 7) ( t h i s  same model w a s  employed i n  previous s t u d i e s  by t h e  author) .  The 
model s e l e c t i o n  w a s  based on t h e  f a c t  t h a t  a s tudy of t h e  e f f e c t s  of r o t a t i o n  
i n  stars of t h e  upper s e c t i o n  of t h e  main sequence (where t h e  l a r g e s t  ro t a t ion -  
a l  v e l o c i t i e s  are observed) is of t h e  g r e a t e s t  i n t e r e s t .  I n  add i t ion ,  an in- 
v e s t i g a t i o n  of a model f o r  a r o t a t i n g  s t a r  of the  main sequence lower s e c t i o n  
is complicated by t h e  n e c e s s i t y  of taking i n t o  account t h e  ou te r  convective 
zone. C l a r i f i c a t i o n  i s  s t i l l  needed f o r  such phenomena as t r a n s f e r  of t h e  ro- 
t a t i o n a l  momentum t o  t h e  convective c u r r e n t s ,  t h e  r o l e  of t u rbu len t  f r i c t i o n  
i n  t h e  convective zone, etc. These considerat ions a l s o  appeared i n  t h e  selec- 
tT.on of the model. 

A model with r a d i a t i v e  equi l ibr ium i n  

1105 

This s tudy w i l l  not  i n v e s t i g a t e  the  s t r u c t u r e  of t h e  s te l la r  convective 
core,  s i n c e  i t  has been already s t u d i e d  i n  s u f f i c i e n t  d e t a i l  i n  (Ref. 2 - 4) .  
Data on t h e  s t r u c t u r e  of t h e  convective core,  which w e r e  necessary f o r  comput- 
i ng  t h e  envelope, were taken from these  s t u d i e s .  

J u s t  as previously,  w e  s h a l l  assume t h a t  the  convective core r o t a t e s  l i k e  
a s o l i d  body. 
i n t e r n a l  f r i c t i o n ,  s o  t h a t  r i g i d  r o t a t i o n  i s  e s t ab l i shed  f o r  cosmologically 
s h o r t  per iods of t i m e .  The f a c t  t h a t  i t  is impossible t o  obtain e q u a t o r i a l  
a c c e l e r a t i o n  
l a w  (5) r ep resen t s  an h p o r t a n t  argument i n  favor  of r i g i d  core ro t a t ion .  

Vigorous convection i n  t h e  core  apparent ly  provides s u f f i c i e n t  

on t h e  core s u r f a c e  during r o t a t i o n  of t h e  core  according t o  t h e  

L e t  us i n v e s t i g a t e  equations f o r  t h e  s t r u c t u r e  of t h e  r a d i a t i v e  envelope. 
I f  t h e r e  are no c i r c u l a t i o n  c u r r e n t s ,  then t h e  s t r u c t u r e  of the  s tar  may be  
described by equations of hydros t a t i c s  
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where P is p res su re ;  p -- dens i ty ;  P, and p, -- values  of t h e s e  q u a n t i t i e s  i n  

t h e  c e n t e r  of t h e  configurat ion;  Q -- g r a v i t a t i o n a l  p o t e n t i a l .  

L e t  us r ep resen t  t h e  equat ion of state i n  t h e  form of a pseudopolytrope 
(Ref. 4) 

(9) P=Pcpc-l+Iln K ( r ,  p) pl+'/" 

Se lec t ing  t h e  c o n s t a n t n  and func t ion  K ( r ,  l.11 i n  t h e  appropr i a t e  way, w e  may ob- 
t a i n  any equation of state. 
and changing t o  Emden v a r i a b l e s  

S u b s t i t u t i n g  equation (9) I.n equations (7) and (8)/106 ' 

a f t e r  obvious t ransformations w e  ob ta in  

The la t te r  equations are equivalent  t o  a s i n g l e  vec to r  equation. 
divergence of both p a r t s ,  w e  ob ta in  

Taking t h e  

-I- f ( e ,  It). 
L e t  us w r i t e  all t h e  des i r ed  funct ions i n  t h e  form of a series wi th  re- 

spec t  t o  the  s m a l l  parameter and wi th  r e spec t  t o  t h e  Legendre polynomial: 
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/ l o7  The funct ion f may be  determined by t h e  following express ion  

f=2z+(1-p2) c - - -P -  . ( d"l Z;) 
From t h i s  po in t  on, w e  s h a l l  restrict ourselves  t o  t h e  case of angular 

v e l o c i t i t e s  which are s o  s m a l l  t h a t  w e  may d i s r ega rd  t h e  terms containing the  
parameter i n  the  second and h igher  powers. 
(14) i n  equation (13),  w e  ob ta in  

Then, s u b s t i t u t i n g  t h e  expansion 

W e  may r e a d i l y  ob ta in  the expressions f o r  t h e  p o t e n t i a l s  Vo and U .  J from these  
equations 

E I 

E I 

where 

I n  add i t ion ,  l e t  us s u b s t i t u t e  expansion (14) i n  t h e  f i r s t  of the  hydro- 
s t a t i c  equi l ibr ium equations (11) and l e t  us exclude t h e  p o t e n t i a l  from t h e  
equations obtained by means of expression (18). 
obtained 

W e  s h a l l  regard t h e  equations / l o 8  

k - + 2  

- xf (x)] xi+' fix = ' 2 k ,  j *i. ?k E . + jB j? j  
k - - 1  
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as equat ions determining t h e  dependence of t h e  angular  v e l o c i t y  on temperature 

j-2' j '  j+2 and dens i ty .  The func t ions  z 

are contained i n  each of t h e s e  equat ions.  W e  may ob ta in  t h e i r  s o l u t i o n  by 
t runca t ing  t h e  series a t  any term. Fur ther  ca l cu la t ions  show t h a t  t h e  terms of 
t h e  series rap id ly  decrease wi th  an inc rease  i n  j .  Therefore,  w e  may confine 
ourse lves  t o  t h e  f i r s t  two terms of t h e  expansion. 

z z with r e spec t  t o  t h e  t h r e e  unknowns 

Solving equat ion (20) f i r s t  f o r  j = 2 (assuming t h a t  a l l  z = 0 i n  t h e  
case of j > 2) ,  and then  f o r  j = 2 ,  w e  obtain* j 

E E 

_ _  '30- A,,L JQ., d; -1- . . .; 
9 X -  

0 
E 

;* = 35 - B,(? - 35 - -  A,n? 
3 3 Q, dx . 

0 

Since t h e  c o e f f i c i e n t s  A decrease with an inc rease  i n  j very r ap id ly ,  w e  
may w r i t e  j 

j' 
S u b s t i t u t i n g  (14) - (17) and (29, (22 )  i n  (12),  w e  r e a d i l y  f i n d  t h a t  a l l  B 
wi th  t h e  except ion of B equal  zero.  2'  

W e  thus  a r r i v e  a t  t h e  conclusion t h a t  equi l ibr ium of a r o t a t i n g  star i s  / lo9  
only poss ib l e  i n  t h e  absence of c i r c u l a t i o n  f o r  an angular  v e l o c i t y  whose de- 
pendence on t h e  coordinates  i s  determined by expressions (21) - ( 2 3 ) .  I n  
o the r  words, t hese  expressions determine thenon-c i r cu la t ion  l a w  of ro t a -  
t i o n .  Their  phys ica l  meaning c o n s i s t s  of t h e  f a c t  t h a t  equi l ibr ium between 
t h e  fo rces  of g r a v i t a t i o n ,  p re s su re ,  and c e n t r i f u g a l  fo rces  i s  only poss ib l e  
f o r  a s p e c i f i c  d i s t r i b u t i o n  of temperature,  dens i ty ,  and t h e  angular  r o t a t i o n a l  
v e l o c i t i e s .  

I n  add i t ion  t h e  model of a r o t a t i n g  star may be descr ibed by t h e  equa- 
t i o n s  (16),  (17) ,  (21) and (22) o r  ( i n s t ead  of t h e  l a s t  two) (23) and t h e  
Pousson equation. I n  t h e s e  equat ions ,  i t  must be  taken i n t o  account t h a t  a l l  
B .  i n  t h e  case of j > 2 equal  zero.  

a s s ign  a value of 113, s i n c e  i n  t h i s  case t h e  parameter wo equals  t h e  angular  

For constant  BZ, i t  is  advantageous t o  
J 

* In t h e  s t u d i e s  (Ref. 3, 4 ) ,  i n c o r r e c t  values  of t h e  c o e f f i c i e n t s  are given 
The e r r o r  w a s  n o t  discov- i n  t h e  expression f o r  zo f o r  i n t e g r a l s  from Q4. 

e r ed ,  because these  terms w e r e  no t  used i n  subsequent computations. 
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v e l o c i t y  i n  the  c e n t e r  of t h e  configurat ion.  

Calculat ion of a-RotatLng Star .  M o w  

It is extremely d i f f i c u l t  t o  employ t h e  equations given above t o  make a 

However, w e  may s i g n i f i c a n t l y  f a c i l i t a t e  t h e  computations, 
d i r e c t  formulation of a model, s i n c e  numerical methods r equ i r e  a g r e a t  number 
of computations. 
i f  we change t o  another  form of t h e  equations.  

It may be r e a d i l y  seen t h a t  t h e  funct ion K may be expressed by means of 
temperature and dens i ty  

( B c  -- r a t i o  between t h e  gas p re s su re  and the  t o t a l  configurat ion a t  t h e  center;  

T -- r a t i o  between temperature and its value a t  t h e  cen te r ) .  

S u b s t i t u t i n g  0 from formula (14) i n  formula (24)  and expanding T i n  
double series wi th  r e spec t  t o  t h e  Legendre polynomial and with respect  t o  t h e  
s m a l l  parameter X 

ca 

w e  obtain t h e  following expression f o r  t h e  funct ion x 

From t h i s  po in t  on, i t  w i l l  be more convenient f o r  us t o  use the  following re- /110 
l a t i o n s h i p  

i n s t e a d  of expression (10). 

L e t  us now d i f f e r e n t i a t e  ( 2 4 )  with  r e spec t  t o  q and a l s o  t h e  expression 
obtained, and le t  us s u b s t i t u t e  the  expression (26) i n  formula (19). Perform- 
ing simple t ransformations,  w e  obtain 

where 

L e t  us t u r n  t o  t h e  equations of equi l ibr ium f o r  a r a d i a t i v e  envelope 

1 
- P grad P=grad V+j ;  
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c -grad P,=F; 
kP 

where j, is t h e  vec to r  of t h e  c e n t r i f u g a l  acce le ra t ion  wi th  t h e  components 
€a, wy,  0). 

L e t  us t ake  t h e  divergence of both p a r t s  of equations (29) and (30). E l i m -  
i n a t i n g  t h e  potent ia l '  by means of equation (32) , el iminat ing F by means of equa- 
t i o n  (31),  and taking t h e  f a c t  i n t o  account t h a t  E = 0 i n  t h e  r a d i a t i v e  enve- 
lope and t h a t  d iv  J'may be represented by expression (15), w e  ob ta in  a system 
of t h e  second order  with r e spec t  t o  P and p .  
s h i p  

Employing the  apparent r e l a t i o n -  

w e  may s implify t h i s  system. Employing the  expansions (14) and (25) and a l s o  
t h e  formulas (10) and (28), w e  ob ta in  the following system of equations**: /111 

Equations (33) desc r ibe  an unperturbed s tar  and must be  solved by t h e  
methods advanced by the  theory of i n t e r n a l  s te l la r  s t r u c t u r e .  I n  p a r t i c u l a r ,  
w e  may employ the  da t a  obtained when a non-rotating model w a s  ca l cu la t ed .  
Without dwelling i n  d e t a i l  on equat ions (33),  w e  should no te  t h a t  i n  several 
cases  they are more convenient than t h e  equations which are w r i t t e n  i n  a form 
which i s  customary f o r  t h e  theory of i n t e r n a l  s t r u c t u r e .  

System (34) toge the r  with expressions (21) - (23) and (26) desc r ibes  per- 
t u r b a t i o n s  of t h e  f i r s t  order  which arise when stellar r o t a t i o n  is taken i n t o  
account. 

The c o e f f i c i e n t s  F1 - F8 and Gj have t h e  following values:  - _  ~~ .- 

** All t h e  intermediate  c a l c u l a t i o n s  are omitted due t o  t h e i r  cumbersome 
na tu re .  
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W e  may r e a d i l y  ob ta in  t h e  va lues  of t h e  cons tan ts  a b c d .  by com- 
comparing expressions (14) and (15). j ’  j ’  j ’  J 

The boundary condi t ions  f o r  equat ions ( 3 3 ) ,  ( 3 4 )  are : 1112  

(1) I n  the  case of rl = n o  ( n o  -- boundary of convective core) ,  t h e  den- 

s i t y ,  temperature,  and t h e i r  f i r s t  d e r i v a t i v e s  are continuous; 

(2) The angular  v e l o c i t y  remains f i n i t e  i n  t h e  case of n = n1 (nl  -- 
ou te r  conf igura t ion  boundary). 

According t o  expression (28),  the l a t t e r  condi t ion  may be w r i t t e n  i n  t h e  

t j (q1 )=/ z ( r i l )  f I j ( q l ) *  ( 3 6 )  

following f o m  

L e t  us examine t h e  process  f o r  so lv ing  t h e  system ( 3 4 ) .  F i r s t  of a l l ,  
l e t  us t runca te  t h e  expansion a t  t h e  term with a s u f f i c i e n t l y  l a r g e  j .  This 
may be  done i n  expansions f o r  func t ions  t 

r ap id ly  decrease wi th  an inc rease  i n  j . 
z 

i . e . ,  w e  cannot assume t h a t  t h e  term G equals  zero  i n  equat ion ( 3 4 ) .  I n  order  

t o  s a t i s f y  t h e  condi t ion  t h a t  t he  angular  v e l o c i t y  be  f i n i t e ,  w e  may approxi- 
mate t h e  term G .  by an expression of t h e  fol lowing type:  

J 

$ j ,  s i n c e  t h e  c o e f f i c i e n t s  A 

However, t h e  assumption t h a t  a l l  
j ’  j 

= 0 i n  t h e  case of j # 2 leads  t o  a d is turbance  of t h e  condi t ion  ( 3 6 )  -- 
j 

j 

Assigning t h e  va lues  of $ 

t h e  convective core ,  w e  may so lve  t h e  system ( 3 4 )  f o r  a c e r t a i n  j .  

Aj+2 The obtained values  of ( 3 6 )  makes it  poss ib l e  f o r  us t o  determine 

-, Aj+2 JI 

t .  and t h e i r  f i r s t  de r iva t ives  a t  t h e  boundary of 

Condition 
j ’  J 

7’ A. 
t .  i n  t h e i r  t u r n  make i t  poss ib l e  t o  determine 1, etc. -- i .e .  , 

Aj-2 
j ’  J 

Aj 
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u n t i l  t h e  r a t i o  - A4 is determined. 

A2 

It may be r e a d i l y  seen t h a t  condi t ion (36) i s  not  f u l f i l l e d  i n  the  case of 

The 

j = 0, and w e  cannot f i n d  t h e  c o e f f i c i e n t  A2. 

mine t h e  c o e f f i c i n e t  A 2’ 
con t inu i ty  of t h e  p o t e n t i a l  and i t s  f i r s t  d e r i v a t i v e  a t  the  configurat ion 
boundary may se rve  as t h i s  condi t ion.  However, s p e c i f i c  d i f f i c u l t i e s  are en- 
t a i l e d  when i t  i s  employed. 

Therefore, i n  order  t o  deter-  

i t  is  necessary t o  ass ign one boundary condition. 

L e t  us w r i t e  t h i s  condi t ion i n  e x p l i c i t  form. Employing the  expression 
f o r  the  p o t e n t i a l  (18) and taking t h e  f a c t  i n t o  account t h a t  t h e  corresponding 

expansion harmonic of t h e  o u t e r  p o t e n t i a l  has t h e  form 2, w e  ob ta in  1113 C.  

Ej+l 

where a l l  B .  equal zero i n  the case of j # 2. Excluding the  constants  C from 

equation (37), w e  ob ta in  
J j 

I f  j # 2,  then B = 0 ,  and equation (38) may be s a t i s f i e d  i n  the  case of A.=O. 

This must mean t h a t  a l l  z 

t r o p i c  configurat ion depends only on t h e  rad ius .  This conclusion d i r e c t l y  
c o n t r a d i c t s  observations.  However, a d i r e c t  formulation of the  r e q u i s i t e  
numerical d a t a  shows t h a t  i n  the  case of j # 2 the  f a c t o r  vanishes i n  expres- 
s i o n  (38) i n  the case of A -- i .e . ,  equation (38) i s  an i d e n t i t y  i n  t h e  case 

j J 
= 0 and t h a t  t h e  angular v e l o c i t y  of the  pseudopoly- 

j 

of j # 2 .  j 

There i s  no precise proof f o r  t h e  f a c t  t h a t  condi t ion (38) is i d e n t i c a l l y  
f u l f i l l e d  i n  t h e  case of j # 2 .  Such a proof would be extremely important. I f  
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w e  could show t h a t  condi t ion ( 3 8 )  is  never f u l f i l l e d  i d e n t i c a l l y ,  this would 
mean t h a t  one r e l a t i o n s h i p  between the  main parameters of a star has been 
found. Since -- according t o  the  Voigt-Russell theorem -- t h e  stellar s t ruc -  
t u r e  i s  determined by t h e  m a s s  and chemical composition, such an assumption 
would mean t h a t  r o t a t i o n  would provide an a d d i t i o n a l  condi t ion r e l a t i n g  these  
parameters. Nevertheless,  observations provide no b a s i s  f o r  s t a t i n g  t h a t  such 
a r e l a t i o n s h i p  exists, and t h e  automatic f u l f i l l m e n t  of condi t ion ( 3 8 )  f o r  a l l  
j # 2 is  more probable. 

1114 

For j = 2, w e  ob ta in  the following expression under t h i s  condi t ion 

5 
- 4; 

3 

(124-1) Ko ( E l )  [ 3+2 (51) + 51 ( % ) t - E , ]  -- 51tS: J Qs $ 
~ ____ - --- 

( 3 9 )  
- 

E ,  A ,  - =  

0 

All the  f ixed  problems have been completely determined, and w e  may formu- 
la te  a numerical so lu t ion ,  which w i l l  provide us with a model of a r o t a t i n g  
star.  

Calculat ion of the Rg ta t ing  -Star Model 

As w a s  i nd ica t ed  above, the  model of a h o t  s tar ,  compiled by Rundkjbing 
(Ref. 7) as appl ied t o  Y Cyg has been employed as the  zero approximation. The 
c h a r a c t e r i s t i c s  of t h i s  model are as follows: 

-0.41 p,,==0.539 .yH - 0.38 
R* 
. Y ~ ~ ~  -0.51 ~:-0.08 XCN = 0.0012 

Tc- 3.10.10' ?c ~ 2 . 4 0  pc = 0.761 

:A= 0.829 

I n  order  t o  c a l c u l a t e  the  r o t a t i n g  star model, i t  w a s  assumed t h a t  t h e  
term G may be approximated by t h e  following expression 4 

As a r e s u l t  of the ca l cu la t ions ,  the  funct ions z 

l a r  l a w  of r o t a t i o n  w e r e  calculated.  The values of the  funct ions f o r  i nd iv i -  
dual  po in t s  i n  the  i n t e r v a l  between the convective core boundary and the  sur- 
f ace  of the  s tar  are: 

r / H  zo 2 2  

0.41 1.000 -0.000 
0.50 1.001 0.001 
0.60 1.009 0.006 

and z2 determining t h e  stel- /115 0 
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z (continued) r / R  zo 2 
0.70 1.026 0.009 
0.80 1.059 0.012 
0.90 1.067 0.015 
1.00 1.068 -0.018 

The computational r e s u l t s  show t h a t  t h e  angular  v e l o c i t y  depends s l i g h t l y  
on t h e  rad ius .  
f o r e  assume t h a t  t h e  r e s u l t s  obtained f o r  a model wi th  r i g i d  r o t a t i o n  are 
s u f f i c i e n t l y  accurate .  I n  t h i s  connection, w e  d id  n o t  c a l c u l a t e  t h e  main char- 
acterist ics of t h e  model i n  t h i s  s tudy  ( m a s s ,  luminosity,  e t c . ) ,  since they 
must co inc ide  wi th  those  presented i n  (Ref. 6) .  

Its m a x i m u m  change comprises about 10% i n  a l l .  W e  may there-  

The l a w  of r o t a t i o n  obtained is of t h e  g r e a t e s t  i n t e r e s t  f o r  t h e  study. 
The change i n  the angular v e l o c i t y  on t h e  su r face  of the s tar  may b e  descr ibed 
by t h e  expression 

o ( R )  =too[l  -0.09 Pz(c0s a)]. (41) 

This expression coincides  q u a l i t a t i v e l y  with t h e  law of r o t a t i o n  f o r  t h e  Sun 

wo - [ 1 - 0.24P, (cos a)]. 
The smaller value of t h e  c o e f f i c i e n t  i n  expression (41) f o r  P2 may be e a s i l y  

explained by t h e  f a c t  t h a t  t h e  convective core i n  a ho t  s t a r  occupies a much 
l a r g e r  po r t ion  of i t s  volume. Therefore,  i t  is n a t u r a l  t h a t  t h e  c o e f f i c i e n t  
must have a smaller value i n  t h e  model of a ho t  star. I n  add i t ion ,  t h e  in t e -  
grand i n  t h e  expression determining z must have a l a r g e r  value f o r  t h e  Sun, 

s i n c e  t h e  zone of r ad ian t  equi l ibr ium occupies t h e  c e n t r a l  regions of t h e  star.  
Thus, t h e  f a c t  t h a t  t he  dependence of t h e  angular  v e l o c i t y  on l a t i t u d e  on t h e  
su r face  of an ear ly-c lass  star is  n o t  as pronounced as t h a t  f o r  t h e  Sun may be 
q u i t e  simply explained by t h e  theory descr ibed.  

j 

The presence of an ou te r  convective zone on t h e  Sun complicates t h e  d is -  
cussion somewhat. The inf luence  of t h i s  zone may be only taken i n t o  account 
q u a l i t a t i v e l y ,  s i n c e  i t  is  no t  clear what type of f r i c t i o n  arises due t o  t h e  
development of turbulence i n  t h e  convect ive zone. However, certain arguments 
may be  advanced i n  support  of t h e  f a c t  t h a t  motion i n  t h e  ou te r  convective 
zone i s  of an order ly  na ture .  I n  t h i s  connection, t h e  tu rbu len t  f r i c t i o n  p lays  
an i n s i g n i f i c a n t  r o l e .  Q u a l i t a t i v e  cons idera t ions  i n d i c a t e  t h a t  i n  t h i s  case 
t h e  n a t u r e  of t h e  dependence of w on l a t i t u d e  i s  determined by expressions 
(40) o r  (41). However, t h e  numerical  c o e f f i c i e n t  f o r  t h e  Legendre polynomial 
is smaller than would fol low from theory. 

/116 

The most unexpected r e s u l t  of t h e  theory i s  t h e  inc rease  i n  t h e  angular  
v e l o c i t y  i n  t h e  star from t h e  boundary of t h e  convective core  t o  the sur face .  
On f i r s t  glance,  i t  would appear t h a t  t h i s  r e s u l t  must l ead  t o  t h e  conclusion 
t h a t  t h e  model advanced cannot be  s t a b l e .  However, i t  w a s  i nd ica t ed  above 
t h a t  t h e  l a w  of r o t a t i o n  must be s t a b l e  according t o  Lyapunov. 
t i o n s  a r i s i n g  i n  t h e  star w i l l  be  extremely s m a l l ,  and i t  would be  almost im-  
poss ib l e  t o  discover  them wi th  p re sen t  day technology. 

Thus, o s c i l l a -  

The establ ishment  of . ,  
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such a law of rotation may be explained quite well on the basis of cosmological 
considerations. 

Thus, on the basis of the above statements we may draw the conclusion that 
the observed law of rotation for the Sun is a typical law of rotation for stars. 
It may be expected that the dependence of the angular rotation velocity on the 
coordinates of early-class stars (0, B) is less pronounced than that for the 
Sun. On the other hand, it is more pronounced for stars of the K-M spectral 
class. Disturbances of the law of rotation must lead to strong circulation, 
and are ncnifested in the special behavior of the stars (stars of the BCMa 
type and other objects). 
is no necessity of resorting to the hypothesis of a strong general magnetic 
field and other assumptions, since this law is a consequent of the equations 
of hydrostatics. 

In order to explain the solar law of rotation, there 
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CATALOG OF PHOTOGRAPHIC MAGNITUDES OF COMPARISON STARS IN 
GLOBULAR CLUSTER M92 

L. I. Paneva, E.S. Kheylo 

A catalog of magnitudes of 278 stars in the neighbor- 

A transitional 
hood of the globular cluster M92 is contained in this paper. 
The value of the internal error is iOm.02. 
formula of our photometric system into the international 
one is given. 

The present catalog represents the first portion of research on variable 1118 
stars in globular cluster M 92. Unfortunately, variable stars in this cluster 
have been studied to a very small extent, in spite of the very favorable 
position for observers in the northern hemisphere. Photography of this cluster 
was initiated at the Main Astronomical Observatory of the Ukrainian SSR 
Academy of Sciences. The plans included several observations lasting many 
years, a search for variable stars, a determination their precise periods, a 
clarification of the change in the variability parameters, etc. 

Observations were performed on a 70-centimeter AZT-2 reflector. A 
photographic device of the Cassegrain system was employed (F = 10.5 m). Before 
May, 1964, non-sensitized Agfa Astro plates of the same series (emulsion No. 
1541) were employed with an exposure of 10-30 minutes. 
graphic materials are presently being employed. A l l  of the photographs were 
taken without a filter. 

More sensitive photo- 

Four pairs of plates, out of all the photographs between 1961-1963, were 
selected in order to compile the present catalog. Each pair was obtained in 
one night. Table 1 presents a list of the negatives employed. 

The negatives were subjected to photometric analysis by means of a 
MF-2 microphotometer with a fixed, circular diaphragm. The measurement method 
employed has been described in detail in (Ref. 1). Due to the fact that the 
cluster was located in the center of the plate, the error of the field was 
not taken into account. The stars were located so close together in the 

them, but it was even impossible to separate them. Therefore, the measurement 
zone was delineated from the inner side by a circle having the radius l l . 2 ,  
and from the outer side by a circle having the radius 9l.3. This was due to 
the fact that at large distances from the center, the density of the stellar 
cluster almost equalled the density of the field stars. 

central sections of the cluster that not only was it impossible to measure 1119 

A photometric standard of H. Arp et al. (Ref. 2) was employed to compile 
the calibration curve. Stars No. 3, 11, 17, 18 of this standard served as 
reference stars. 

After obtaining several values for each plate, the authors determined 
the mean catalog values. Since the catalog had to be employed for finding 
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TABLE 1 unknown variable stars, it was impor- 
tant that any possible systematic dif- 
ferences between the individual series Catalog I Julian Time of I Exposure 

Number Half Exposure 
I 

in 

K117 2437764.4343 
K118 .4510 
I( 164 91 0.3921 

N 

K165 .4029 
Kl66 12 I2893 
K167 .3025 
K228 8 177.3422 
K230 .374 1 

Duration , be reduced to a minimum. Therefore, 
all the measurements were reduced to Minutes 
one system. 
serial number, the number in the sector 

stellar magnitude in this system. The 
stellar magnitude interval ranged from 
13.50 to 16m.00, although a few stars 
exceeded this limit. 

.. -. - - - . - 
Table 2 presents the 20 

20 
15 (see the identification map), and the 
14 
15 
15 
20 
20 

I 

TABLE 2 

1 
2 
3 
4 
5 
6 

19 
20 
21 
22 
23 
2.1 
25 
26 
27 
28 
29 
30 
31 
32 
33 
3 4 
35 
36 
37 
35 
39 
40 
4 1 
.I 2 
.I3 
4 4  
.I5 
. tF 
4 7 
I S  
4 9 
50 

Number I 
Sector I 

- .  . . ~ 

I- 1 14.59 
2 15.70 
3 15.92 
4 15.93 : Bi? 

1-22 14.47 
24 i5.95 
25 15.34 
26 15.54 
27 15.50 
28 15.32 
29 14.79 
32 16.01 
33 14.87 
34 15.54 
35 15.02 
36 15.33 
38 15.94 
41 15.95 
45 15.76 
49 15.33 
SO 16.01 
5 1  15.39 
53 15.3.1 
5.1 15.16 

11.- 1 15.77 
5 15.06 
6 15.60 
S i 5 . j ~  

I 1  15.s.1 
12 1581 
16 14.75 
17 15.45 
IS 15.84 
21 14.21 
23 * 15.64 
25 15.66 

~ * Suspected of variability. 
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7 
8 
9 

10 
11 
12 

61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
81 
55 
56 
57 
S8 
89 
90 
91 
92 

Number 1 
Sector Sector 

7 
8 
9 

10 
I 1  
12 

11-42 
4 4 
46 
49 
50 
52 
53 

111- 1 
7 

16 
21 
22 
23 
24 
26 
29 
31 
32 
34 
35 
36 
37 
39 
40 
4 1 
4 2 
4 1  
47 
48 
50 
51 
52 

15.61 
15.35 
14.16 
15.60 
15.11 
15.66 

14.96 
16.03 
15.40 
15.73 
15.29 
16.12 
15.17 
15.42 
15.82 
15.89 
14.56 
14.17 
14.73 
15.99 
14.96 
14.78 
13.89 
15.46 
15.31 
15.77 
15.03 
i.i.n:, 
15.66 
15.92 
11.67 
15.16 
15.60 
14.27 
15.81 
14.37 
13.74 
15.12 

13 
14 
15 
16 
17 
18 

103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
I26 
127 
128 
129 
I30 
131 
132 
133 
134 

13 
15 
16 
18 
19 
20 

IV-8 
9 
IO 
14 
15 
16 
18 
19 
20 
21 
22 
23 
24 
28 
30 
39 
41 
42 
44 
45 
51 
52 
53 
54 
5G 
57 
58 
59 
GO 
61 
65 
66 

15.06 
15.66 
15.07 
14.83 
13.71 
15.26 

15.85 
15.13 
14.47 
15.36 
15.5 1 
16.13 
15.79 
14.81 
15.55 
15.15 
15.30 
14.97 
14.92 
15.21 
15.44 
13.85 
15.34 
15.69 
15.59 
16.07 
15.36 
15.26 
15.34 
16.13 
15.63 
14.79 
16.03 
15.31 
14.76 
16.07 
15.31 
14.92 
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Ne 

51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

I45 
146 
147 
148 
149 
150 
151 
152 
153 
I54 
155 
156 
157 
158 
159 
160 
161 
162 
163 
I64 
I65 
IC6 
167 
168 
1 G3 
I70 
I71 
I72 
I73 
I74 
175 
176 
I77 
1 78 
I79 
180 
181 
182 
I83 
I84 
I85 
186 
I87 
I88 
189 

26 
2s 
29 
30 
31 
34 
35 
37 
38 
41 

v'-13 
14 
15 
18 
19 
20 
21 
22 
23 
24 
26 
31 
32 
35 
36 
38 
39 
40 
41 
42 
43 
44 
48 
50 
52 
53 
54 
56 
58 
59 
61 
64 
67 

VI- 1 
2 
3 
6 
7 
8 
9 

10 
I 1  
12 
13 
14 

15.58 
158G 
15.11 
14.37 

15.79 
15.14 
15.14 
15.46 
15.51 

15.34 
15.09 
15.42 
15.20 
15.25 
15.88 
16.05 
14.99 
13.77 
14.67 
1 s.63 
15.23 
14.85 
15.46 
16.02 
14.75 
15.05 
15.90 
14.84 
15.32 
14.66 
15.60 
14.74 
15.95 
15.54 
15.24 
15.91 
14.98 
14.98 
15.26 

15.60 
15.42 
15.16 
14.77 
15.06 
15.63 
15.98 
15.83 
15.47 
15.50 
15.92 
15.70 
15.44 
15.74 

15:lO 

15.89 

Continuation of TABLE 2 

-_I_ 

93 
94 
95 
96 
97 
98 
99 

I no 
101 
I02 

190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
20 1 
202 
203 
204 
205 
206 
207 
208 
209 
210 
21 1 
212 
213 
214 
215 
216 
217 
218 
219 
220 
22 1 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 

53 
56 
57 
58 
59 
60 

IV- I 
2 
4 
5 

VI- 18 
21 
22 
23 
24 
25 
27 
31 
32 
37 
38 
40 
41 
44 
46 
48 
49 
52 
53 
54 
55 

VII- 1 
3 
4 
5 
6 
7 

10 
12 
14 
15 
16 
17 
19 
20 
21 
24 
25 
26 
27 
31 
32 
33 
34 
35 

15.22 
15.40 
15.64 
15.59 
15.39 
15.53 
15.3 1 
15.32 
14.47 
16.02 

15.15 
13.62 
15.32 
15.27 
14.46 
15.26 
15.67 
15.67 
14.97 
14.47 
14.95 
15.84 
15.40 
15.57 
14.52 
15.24 
15.15 
15.49 
15.77 
14.3 1 
14.31 
15.93 
15.95 
15.64 
15.60 
15.36 
15.99 
15.63 
15.65 
14.84 
16.13 
15.16 
15.78 
15.85 
13.61 
15.18 
15.0 1 
15.38 
16.08 
16.16 
15.21 
15.93 
15.20 
14.93 
15.26 

Number 

Sector 
-.. . 

I37 

140 
141 
I42 

235 
236 
237 
238 
239 
240 
24 1 
242 
243 
244 
245 
246 
247 
248 
249 
250 
25 1 
252 
253 
254 
255 
256 
257 
258 
259 
260 
26 I 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
272 
273 
274 
2 75 
276 
2 77 
278 

68 
69 
70 v- 4 
5 
6 
7 
9 

10 
I 1  

VII-38 
39 
40 
42 
43 
44 
45 
47 

VIII-  1 
2 
3 
4 
6 
7 
9 

14 
15 
16 
17 
20 
21 
22 
25 
27 
28 
29 
31 
32 
33 
34 
35 
36 
37 
38 
40 
41 
44 
46 
48 
51 
53 
54 
57 
58 

15.35 
14.00 
16.02 
14.81 
15.39 
16.30 
15.53 
15.31 
15.32 
15.32 

15.25 
13.86 
15.86 
15.99 
15.57 
15.61 
15.22 
14.76 
15.03 
15.34 
14.76 
15.56 
16.04 
16.05 ,, 
15.61 
15.61 
13.64 
14.60 
14.81 
15.94 
15.64 
14.45 
13.91 
14.94 
14.39 
16.12 
14.80 
14.14 
15.68 
15.94 
15.39 
15.70 
15.74 
15.24 
14.28 
15.18 
15.21 
16.09 
15.20 
14.57 
15.34 
14.55 
15.99 
14.23 
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1122 A comparison of t h e  s t e l l a r  magnitudes obtained f o r  d i f f e r e n t  p l a t e s  - 
shows t h a t  only one s tar  -- I1 - 23 -- could be  suspected of v a r i a b i l i t y ,  s i n c e  
t h e  divergence between t h e  given magnitudes amounted t o  Om.6O f o r  it. No o the r  
v a r i a b l e  stars wi th  amplitudes exceeding t h e  measurement e r r o r  w e r e  discovered. 
The v a r i a b i l i t y  of s tar  I1 - 23  w a s  repeated i n  a l l  t he  photographs a t  our 
d isposa l .  
discovered previously by o t h e r  researchers ,  a l s o  changed t h e i r  b r ightness  
considerably on our photographs. 

It should be noted t h a t  a l l  of t h e  v a r i a b l e  stars, which were 

I n  order  t o  determine t h e  accuracy of t h e  ca ta log ,  t h e  e n t i r e  i n t e r v a l  
of s te l la r  magnitudes w a s  divided i n t o  sub- in te rva ls  f o r  every Om,5. 
each of t hese  sub- in te rva ls ,  t h e  mean square e r r o r s  of one determinat ion 
E and the  mean quadra t i c  e r r o r s  of t he  ca t a log  magnitude E w e r e  computed 

(Table 3 ) .  

Within 

i 

TABLE 3 

. . . . .  ... .. . . 

S t e l l a r  Magnitude 
I n t e r v a l  si 1 E 

. . . . . -. ... .~ .. . 

I l l  Ill 
I ;3?,0 - -  I .I . ( IO  0.032 om020 
1.1 .o  1 -.- 1 . I .  50 ,030 ,020 
11.51---15.00 ,010 ,025 
1.5.01 -15.50 .020 .020 
15.51 -16.00 ,040 .025 

Mean Value ,034 .022 

with r e s u l t s  presented i n  (Ref. 3 ) .  It 
sh ip  exists between t h e  systems 

I n  order  t o  compare our photomet- 
r i c  system (%) and t h e  i n t e r n a t i o n a l  

photographic system, s e v e r a l  p a i r s  of 
photographs of t h e  M 92 and M 1 3  
c l u s t e r s  w e r e  obtained.  The br ight -  
ness  of a large number of s t a r s  w a s  
measured i n  c l u s t e r  M 13 i n  t h e  
i n t e r n a t i o n a l  photographic system. 
With allowance f o r  co r rec t ion  due t o  
d i f f e r e n t i a l  absorpt ion of l i g h t  i n  
t h e  atmosphere (d i f fe rence  between 
zen i th  d is tances  of both ob jec t s  a t  
t he  t i m e  of t he  photograph d id  no t  
exceed loo), t h e  s te l lar  magnitudes 
of s e v e r a l  stars w e r e  determined i n  
the  M 13 c l u s t e r  according t o  our 
system, and the  r e s u l t s  were compared 

w a s  found t h a t  t h e  following r e l a t i o n -  

and t h e  co r rec t ion  f o r  co lor  i s  neg l ig ib ly  small. 
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.A5 4 4  

w -  

Map of t h e  Region Measured ( 0 - Variab le  S t a r s ) .  
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VARIABLE STARS IN GLOBULAR CLUSTER M92 

E. S. Kheylo 

The observations of six RR-Lyrae stars in M92 and 
the results of their evaluation are given. The periods 
are determined, and the variation of the period is found 
for one star. 

Globular cluster M92 (NGC 6341) belongs to the IV class of concentration, /124 
in terms of the Shapley classification,and has a comparatively small number of 
variable stars. The cluster was studied in (Ref. 2, 7). The spatial distribu- 
tion of the stars was investigated (Ref. 7), and a color-stellar magnitude 
diagram was obtained (Ref. 2). However, as was pointed out in (Ref. l), 
variable stars in the cluster have been studied to a very small extent. 
Several short series of observations have been performed, and the periods were 
determined only in one case. 

In 1938 Nassau published his 38 observations (Ref. 4). He employed the 
scale method to estimate the brightness of the variable stars discovered, and 
the stellar magnitudes were determined within an accuracy of Om.l. The 
observations encompassed a period of about one year. During the year Hachenberg 
(Ref. 3) published a detailed investigation of the cluster M92. He discovered 
several variable stars independently of Nassau, and found periods of bright- 
ness change for 13 of them. Later on, Oosterhoff (Ref. 5) again determined 
the periods of the four stars studied by Hachenberg (Ref. 3). The brightness 
of certain variable stars was measured incidently when the study was performed 
(Ref. 2), but they were not published. 

Thus, 16 variable stars have been discovered in cluster M92. Out of 
these 16, 11 belong to the type RR-Lyrae; one belongs to the type W UMa (field 
star), and the variability was not determined for the remaining types. Nassau 
and Hachenberg (Ref. 3 ,  4 )  performed their observations at almost the same 
time, but the Hachenberg elements do not correspond to the observations of 
Nassau in every case. For example, for star No. 2 (number of the variable 
stars is given according to the Sawyer catalog (Ref. 6) at the time 
JD 2,428,366.686, Nassau observed an increase in the brightness. According /125 
to Hachenberg, the phase OP.477 -- i.e., the region of the minimum -- corres- 
ponded to the same time on the brightness curve. This is not the only lack 
of agreement. 

The material which we obtained and the method employed to determine the 
brightness of the comparisonstars are described in (Ref. 1). This article 
presents a summary of the observations of six stars (No. 1-5, 8) and their 
analysis. The stellar magnitudes of the variable stars were estimated 
visually according to the Neyland-Blayzhko method. Two hundred and eighteen 
photographs obtained between 1961-1963 were studied. Table 1 gives the 
numbers and brightness of the comparison stars in degrees (for their stellar 
magnitudes, see [Ref. 13). 
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TABLE 1 

Com- 

Stars son 

p a r i -  
Variable Stars 

1 & 2 1 3 & 8  I 4 5 

Degree/ M 1 Degree( h5 . H IDegree 
I 

W e  had t o  f i r s t  determine whether t h e  Hachenberg elements (Ref. 3) 
corresponded t o  t h e  observat ions obtained.  
t o  t h e  Hachenberg per iods ,  i t  w a s  found t h a t  t h e  maxima of t h e  b r igh tness  
curves deviated from t h e  ephemeris computed according t o  i ts elements. 

Af t e r  reducing our observat ions 

I n  add i t ion ,  only t h e  elements corresponding t o  our observat ions were 
ca l cu la t ed ,  without inc luding  t h e  observat ions of Nassau, which w e r e  separa ted  
by too  l a r g e  a t i m e  i n t e r v a l .  It  w a s  poss ib l e  t h a t  t he  per iods  of c e r t a i n  
stars had changed s i n c e  t h e  20 odd years  which had elapsed s i n c e  these  
observa t ions .  
t h e  in te rmedia te  yea r s  i n  order  t o  relate t h e  o l d  series of observat ions wi th  
our series. 

Therefore ,  w e  had t o  know t h e  behavior of t hese  stars during 

Information on s ix  of t h e  s t a r s  which w e r e  s tud ied  i s  presented below. 

VariabZe star 1. Eleven br ightness  maxima w e r e  determined during the. 
observa t iona l  per iod.  The following formula w a s  found according t o  these  maxima 

Max JD hel=2 437 872.415+W.702 702€, (1) 

which b e s t  s a t i s f i e s  a l l  t h e  observat ions.  However, t h e  behavior of t h e  1126 
remainders 0-C 

derived a formula of t h e  following type 

(Figure 1) po in t s  t o  a continuous change i n  t h e  per iod.  We 1 

M a x  JD hel=2 437 872.373+W.702 700 E+W.00 oo0 Ol9E4. (2) 

An a n a l y s i s  of t h e  remainders 0-C shows t h a t  formula (2)  s a t i s f i e s  a l l  t h e  

observa t iona l  maxima q u i t e  w e l l .  
of E2 occasions some doubt. 
i n  t h e  per iod i n  t h i s  case. 
Observations before  t h i s  t ime may be descr ibed by t h e  formula 

2 
The unusually l a r g e  c o e f f i c i e n t  i n  t h e  case 

It i s  poss ib l e  t h a t  t h e r e  w a s  a jump-like change 
The time of t h e  "jump" occured a t  J D  2,437,872. 

M a x  JD hel-22 437 555.499+ 
+W.702 595 E, 
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and a f t e r  i t  

--. 

( 4 )  Max JD hel=2 437 872.362+ 
+ W.702 824 E. 

The m a x i m a  and t h e  remainders 0-C 

( f o r  formulas (1) - ( 4 ) ,  r e spec t ive ly )  
are summarized i n  Table 2. 

i -.GlO 

-580 -200 -!OO M " ' 3 0  5LL3 E 
The mean b r igh tness  curves 

(Table 3 ,  Figures  2 and 3 )  w e r e  
obtained according t o  formulas (3 )  and 
( 4 ) .  The s m a l l  d i f f e r e n c e  between 
them may be  explained by t h e  s m a l l  

- -4 0% -.J * ,  , , i  p Y ,  : I,! 
Figure 1 

Behavior of Remainders . 
0-C1, f o r  Var iab le  S t a r  l. 

TABLE 2 

Max I 
2437411.481 

w.479 
53.396 
5.481 

872.368 
!xi343 

80m.530 
177.386 
260.312 
2.441 
91.247 

_ _  

0-c, 

w.038 + -009 + -007 

1- 
- -016 - -027 - -045 - -020 
- .001 + -oo6 

. _  1 0-c, 
_ _  

-0.007 + -011 + .011 - -012 - .004 - .004 + -006 + -006 
- -00s + -012 
- -002 

accuracy wi th  which t h e  ascending branch of t h e  f i r s t  curve w a s  compiled, due 
t o  a s m a l l  number of po in t s .  

f 127 

* I n  a l l  t h e  t a b l e s ,  t h e  s te l lar  magnitudes are given f o r  t h e  mean curves 
i n  t h e  i n t e r n a t i o n a l  photographic system. 
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variable star 2 .  Very few r e l i a b l e  maxima w e r e  obtained f o r  it. There- 
f o r e ,  t h e  period occurred at t h e  t i m e  when the  b r igh tness  of t h e  star reached 
14m.84 on t h e  ascending branch. 
t h e  observat ions 

The following l i n e a r  formula coincides  wi th  

Max JD hel=2 437 872.33!5+Od.643 910 E. 

0.052 14.39 I 0.254 15.16 

- 167 -97 .442 -66 
-107 -80 I .346 .41 

The mean b r igh tness  curve,  compiled according t o  t h i s  formula, i s  shown i n  
Figure 4 ,  and t h e  corresponding da ta  are given i n  Table 4.  
b r igh tness  before  t h e  minimum is  abso lu te ly  real. 

The rise i n  the 

0.558 15.83 
-645 .89 
-754 .75 

TABLE 4 

Phase I 
0.834 15.89 
-904 .28 
-952 14.98 
-999 -61 

Variable star 3.  The following elements of the  b r igh tness  curve were 
obtained according t o  seven r e l i a b l e  maxima: 

( 6 )  Max JD he1 =2 437 872.707+od.637 456 E. 
Figure 5 and Table 5 show t h e  mean b r igh tness  curve. Since the  inc rease  

i n  b r igh tness  takes  place very r ap id ly ,  t h e  i n d i v i d u a l  p o i n t s ,  which are 
ind ica t ed  by c rosses  -- and no t  t h e  average po in t s  -- are p l o t t e d  f o r  t h e  
phases 0.91-OP . 94. 

Variable star 4 .  The following formula s a t i s f i e s  the  observations 
Max JD he1 =2 437 872.518+od.628 909 E. 

Figure 2 

Mean Brightness Curve of 
Variable S t a r  1 According 
t o  Observations Before 
J D  2,437,872 

ts e 

Figure 3 

Mean Brightness Curve of 
Variable  S t a r  1 According 
t o  Observations After  
JD 2,437,872 

(7) 
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Figure 4 

Mean Brightness Curve of 
Variable  Star 2 

Figure 6 

Mean Brightness Curve of 
Variable  S t a r  4 

TABLE 5 
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80 0 
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Figure 5 

Mean Brightness Curve of 
Variable  S t a r  3 

.20t 0 

Figure 7 

Mean Brightness Curve of 
Variable  S t a r  5 

/129 

.m 
.75 

-950 14.58 

The mean br ightness  curve i s  shown i n  Figure 6 ,  and t h e  corresponding da ta  
are presented i n  Table 6. The br ightness  increase  before  t h e  minimum is 
absolu te ly  real. 

Variable s ta r  5. The values  of t he  br ightness  curve elements 

( 8 )  Max JD hel=2 437 872.020+W.619 674 E 
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TABLE 6 

0.006 14.49 
.e46 -61 .m -16 

0.169 
-252 
.350 .38 -901 14.94 

-952 -52 

TABLE 7 

0.033 14:g 1 0:;; 15.37 
.m -48  
-098 15.04 -360 -59 

-. -- 
'Phase II I 

0.743 .15.72 
-61 . I2 l5::; 11 -842 

I 0.452 
-552 I -640 .69 .W8 

I 1 -951 14.84 

0.8?6 15.37 
-942 14-89 

Variable star 8 .  Seven observed maxima y i e l d  t h e  following formula f o r  
t h e  elements 

Max JD he1 = 2 437 872.039 + W.673 194 E. (9 )  

There i s  a no t i ceab le  scatter of po in t s  c l o s e  t o  t h e  maximum. 
observat ions w i l l  have t o  determine whether t h i s  i s  due t o  t h e  Blazhko e f f e c t .  
The mean br ightness  curve,  compiled according t o  our observa t ions ,  i s  shown 
i n  Figure 8,  and t h e  corresponding da ta  are given i n  Table 8. 

Future  

/130 

Figure 8 

Mean Brightness  Curve of Var iab le  S t a r  8 

TABLE 8 
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Table 9 summarizes the observations of variable stars, whose magnitudes 
are given in the local system. 

TABLE 9 

2437373.561 - 
-589 141)89 

79.476 15.48 

.517 
535 

-553 
81 -512 

-541 
.563 

3.561 
400.514 

. .530 
2437404.343 

5.359 
.405 
-424 
.439 
-455 
.469 
.484 
.499 
.514 

7.355 
-373 
-404 
.421 
.435 
.452 
.491 

-52. 
-63 
-63 
-66 
-68 

-47 
-46: 

- 
15.49 

141159: 
15.47 

15.52 
.52 
-64 
-55 
.46 
-58 - 49 
.I6 
-26 
.25 
-30 
-26 
.30 
-33 

- 

-521 -46 . ._ 

.535 - 
411.462 14.81 

.470 .79 
-478 -67 
.487 .67: 
.496 .90 .m -90 
.515 -90 
-525 15.13 
.533 14.67: 
-541 .79: 

2.497 15-30 
-511 -45 

328 -30 
.536 .30 
.546 -39 

s i 9  .m 

548.479 14.36 
51.419 -61 
3.386 -32 

-399 -28 
.409 -36 

- 
- 
- 

15749 
-47 
.47 
-60: 
-52 

15.02: 
.I6 

141190 
15.60 

$2 

14.90 
..79 
.32 
.34 
.I9 
-34 

15.31 
-11 

14.63 
.34 
.2!3 
.22 
.34 
-95 

15.16 
14.96 
15.11 

.39: 
-25 
.46 
.39 
.34 
-44 
.31 
.39 

14.90 
-78 

, .39 
.60 
-34 

15.52 
-52 
.44 

- 
- 

- 

- 

- 
- 

I 41128 

.22 

15.42 

.56 
-50 
-67 
-74 
.68 
-64: 
-72: 
. I3  
-08: 
m 

15.01 : - 82 
14.78: 
.a: 
,.24 
-22 .  
-26 
-55 
.55 - 75 - 28 
-27 
.67 
.62 
.58 
.82 
.84 - 92 

15.06 
-60 
.67 
-71 . 
.53: 
-67 
.56 
-74 
-67 
.67 
-74 

14.50 
-38 - 70 
.60 
.81 
-81 
-96 

15.46 
14.76- 
.50 
-28 

- 

14% 

.60 

14.88 

15.49 

15.47 

- 

- 
- 
- 
- 

15% - - - 
14.79 

15.12 
.09 
-33 
-09 

15.46 

- 

. -  

-44 
-44 
-47 
-45 
-48 
-47 

14.39 
-39 
-34 

- 

14%: 

15ill: 

14-88 

15.25 
-30 
-42 
-52: 
-68 

15.57 
14-90 
-34 : 

1558 
14.28 
-34 
-37: 
.54 
.90: .so 
.67 :w 
.90 ' . €0 

15.30 
.16 
.30 
-34 
-24 - 24 
.30 

-64 - 59 
-63 

- 

- 

m 
15.20: 

-39: 

14.61 

.85 
-92 

15.25 
14.67 

.79 
-90: 
-85: 

15.44 
.46: 

15.34 
141- 

-02: 
.35: 
-35: 
.39 
-34 
-49 
-49 - 49 
-43 
-39 
.39 
.44 
.49 
-49 
.46 
-47 
.48 
-48 
-45 
.45 - .31 .33 

14.28 .43 .48 
-22 .a: .46 
128 14.85 -34 
.34 -79 -39 
.36 . .51 .46 
.39 :37 -36 

15.49 15.20: .. 1'1 - -39: 14.84 - ..34 15.02: 
.39: .16: 
-30 14-88 
-46 15.02 
.52 14.67 
.f8: 15.44 
.55 -44 
.60 -46 
-44 -44 
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Continuation of TABLE 9 

I -2 
m 

. 
m 

.46 
. 14.84 

.88 
15.47 
. .56 

-26 
151W 
14.40 
-24 

. .& - 
m 

'.418 ..58: 
-436 -58 

4.N3 15-64. 
-512 . -63 
5.481 14.38 

764.398 . 15.64 
.434 -62 

-43 - -49 
-36 . 15.57 .eo. 

-63 15.64 - 
-64 15.13 -60 
-39 - 14.90 

14.81 14.I2 15.45 
-92 -94 -58 

14-.94 1516 15d2 
15-16 . -18 .62 

-18 .. 18 -60 

.02 

.46 

.26 

.53 
15.66 2 473 764.451 15.a 

-468 -66 
-484 -64 

1132 -63 
-73 

.500 -66 
-516 -64 

5.461 -62 
-473 -58: 

-64 
-62 

14.64 
-65: 
-71 

15.72: 
-64 
-68 
-74 

-24 
:32 
-68 
-62: 
-62. 
-72: 

. -91 
-64 
-74 
'-64 
.!io 

14.63 
-48 

.24: 
-26 

.61 
-64 

14.61, 
-70: 
-55 

15.14: 
.25 
-40 

14.84 
.46 

- -40 

-33 
. -62 

1536 
-70: 

-39 
-50: 
-65 
-18 
-24 
-23 

14.89 
-92 
-90 

-485 14.98 
93.4i3 15.70: 
.482 -73 
-436 -70 

871.345 -62 
-362 36 
-376 . i O  
.33j -72 
-4.07 -63 
-415 -03 
-424 -62 
-434 .69 
-443 -66 

-60 
14.68: 
-68 
-90 

15.34: 
.45 
-64 
-70 
-62 

15.66 
-76 
-84 
-58 
.51 
.20 
-20 
-45 
-24 
.42 
-35 
-16 
-48 
.55 

- 

-74 
-70 
-66 
-70 

'15.08 
-60 
.26 
-26 
-20 
-22 

-45 
15.32: 
14.50 
-48 
.M 
273 
.54 

15.60 
-60 
-70 
.64 
-92 
-69 
-61 
-66 
-61 
-45: 
-45 
-61 

14-82 
15.12 
14.94 
15.43 

- -34 
-76 

.03 
-26 

-64 
-58 
-16 

14 -72 

-26 
-25 
-34 

15.60 
-70 
-70 
-64 
-70 
-67 
-63 
-68 
-58 
-62 
-42 
-70 

14.28 
-34 
-56 
.40 

-22 
-30 
-30 
-64 
.45 

. :62 
-42 
-55 
-64 
-26 

14.56 
-72 
-28 

-62 
,64 
-78 
-89 
.85 
-93 
-85 
-97 

15.20 
14.98 
-92 

15.69 
-64: 
-58 
-74: 

.385 .s 
-402 .58 
-411 -46 
-425 -58 
-437 -49 
,445 .66 
,458 .68: 
-467 -59 
-476 -64 

3.347 15.55 
,359 -40 
-371 -54: 
-383 -56 
,395 -62 
-407 -36 

-34: 
-32 

15.24 
-27 
-26 .w .n 
-38. 
-50 
.20 

-60 
-64 
-59 .a 
-64 
-45 
-63 - 

-65 - - 76 -52 
-7% 

-24 
-37 

-439 -52 
910.352 14.63 

,361 -62 
-375 -64 

-65 
14.68 
-88 
-84 
-84 .si 
-92 

-55 
-70 
-50 
-27: 

14.65 
-58 
-42 
-36 

14-44: 
-56 
-98 

14.73 
-88 
-97 

-10 
-04 
-14 . I8 
-06 

15.52 
-61 

-332 
,403 -94 

- -90 
..90 

15.02: 
14.98 

.92 
15.17 
-32 
-20 

.61 
45.63 
-69 

2.289 .a? 
1m912.314 

.330 

-75 
14.76: 

-97 
-70 
-82 

15.24 
-11 

.I1 
15.26: .n 
.I9 
.23 
-53 
-28 

.73 
1s." 15:68: 

-72 
-342 .68 
.356 -58 
-371 14.98 
-383 -63 

. ~~ 

-72 
-15.16 
11-92 
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- - .. 
c 

JD he1 1 I 
m 

.a7 .92 
4.329 15.52 
.342- -60 
-354 -64 
. S O  -70 
-381 -73 
-393 -66 
-409 -73 

43.284 -31 
-296 14-81 
-307 -61 .- 

.a19 .60 

.332 .E4 

.343 -40 
8089.505 -70 

,517 -58: 
.528 .58 .w .60 
.556 '-43 
-568 -73 
.582 -60 
.593 -61 
-604 -60 
.618 15.00 
-620 14.87 

109.538 15.66 
13.431 14-60: 

. M O  -54: 
-471 -85: .~ 

.SO3 .76: 
-514 -96: 
.526 -80 

61.338 15.11: 
-353 -27: 
-369 -38: 

6.389 -43 
-410 -67 ~~ 

6.433 .58 
.fi -70 
-478 .70 

71.429 -72: 
2438 176.331 15-70 

-346 -60 
7.342 14.66 

260.312 -36 
-330 -40 
-353 -6.4. 
-378 -57: 
-403 15.11: 
-426 14.98 
2.309 15.68: 

-324 -61 _ _  
-340 -48 
.m 14.94 
-376 -70 
-391 -36 
-408 -36 

Continuation o f  T U L E  9 

1 2  1 3  1 4  1 5 - - 1 8  
m m m i -m m 

. .oi 
14 .%i 
15-22 
.I6 
-15 
.05 
.55 
-24. 

14-99 
15.17 
.29 
.16: 
.64 
-38: 
-30 
.45: 
-08 
-64 
-69 
-72 
-70 
-83 
-77 
-86 
-66 

15.67: 
.56: 

15.56: 

15.56: 
-11: 
-72: 

14.75: 
15.74 
-66 
-72 
-62 
-76 
-74: 

15.60 
-22 
-66 
-62: 
-70 
-46 
-69 
f 73 
-70 

15.30: 
-41 
-71 : 
.67 
.7I 
-76 - 72 
-71 
-70 

- 
- 
- 

- 

-50 
-51 
. -59 
-62 
-57 
.56 
-62 
.M 
-67 
-62 
-74 
-63 
-68 
-70 

14.88 
-53: 
-92 
-94 
-91 

15.24 
-26 
f 20 
-29 
-43 
.EO 
-51 : 
.&8: 
-64: 

15.68: 
-84: 
-84: . -80: 
.72: 
-84: 
.86 
-74 
-68 
-61 
-72 
-72: 

15.46 
-60 
-80 
.32: 

14.86 

14.76 
-66 
.66 

15.21: 
-14: 
.22 

14.94: 
15.18 
.54 
.51 
-58 
-52 
-64 

- 

i 

-3 
-24 
-55 
-62 
-63 
-.6l 
-58 
-59: 
-51 
-30 
-64 
-58 
-36: 
-35 : 

14 -48 
-40: 
-66 
.64 
-66 
.76 

15.72: 
14.88 
15.18 
-23 
-10 

14.63: 

14.87: 

14.83: 
.80: 
-91: 

15.08: 
-08: 
-24 
-26 
-22: 
-21 
-08: 

-62 
15.29 

-54 
.30 
-18: 
-30 
-64 
-64 

14 -91 : 
15.30 
-27 
-41: 
-49: 
.78: 

14.67: 
-95 
.58 

- 
- - 
- 

i4.53 

- 

is -01 
-40 
-25 
-56 
-57 
A4 
-56 
.a6 

14.49 
-52 
-48 

. -52 
-56 
-68: 
-51 
-44: 
.35 
-49 
-50 
-52 
-79 
-85 
-86 
.79 
-90 

15.13 
.65: 
-89: 
-77: .n: 

15.77: 
.76: 
-39: 
: 16: 

14. *% 
-64 
-83 
-88 

15.02 
-22: 

14-72: 
-74 

15.54 
.69: 
64 
-61 : 
-64 
-66 
-74: 
-77: 
.55: 
-64 
-94 
.45 
.89 
-47 
-14 

14.56 
.w 

- .  

-70- 
-80 
-68 
164 
-59 
-62 
.A8 

. .M 
-59 
.68 

. -48 
.60 
.64 
.64 
-62 

' -62: 
-28 - w 
-70 
-57 
-24 
-32 
-52 
-42 
-16 

15.30: 
-17: 
-39: 
-39: 
-76: 

. -6%: 
-78: 
-49: 
-56: 

14.90 
-36 
.33 
-34 
-66 

15.26: 
15.58 

.52 
-22 
-36: 
-24 
-33: 
.56 
-52 
.53 
.2a: 
-55: 
.63 
-51 
-41 
-60 
-62 
-65 
-59 
-68 

- 

I134 
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Conclusion of  TABLE 9 
m___. 

I 4  I 3 .  m 
JD he1 l 2  

~ m 
-3.2 
-30 

15.25: 

15.38: 

14.66 
15.60 
-38 : 
-60 
-38 : - 57 
.25 : 
-20 

-22 
-22 
-28 
-23 
-18 .n 
-55 
.62 
.57 
.35 
-63 
.24 

14.90 
-34 
-37 
.42 
-32 
-36 
-65 
-50 

- 
- 
- 

.m 

a- 
. 

-62 
.( 6 
-27: 

- 7 4 2 3  
-441 

81.31 1 
-354 
-372 
-391 
-414 

8.241 
9.284 
.300 

.g: - 
-36 

15.11: 

-6s 
-64 
..38: 
-58: 
-64: 
.66: 

14.82: 
15.66 

-75 
.68 
-74. 
-84 
.64: 

14.64 
-62 
-59 
-81 
.95 

15.30 
14.94 
15-20 

. I2  
-64 

-68 
-68 
.62 

15.82 
-60 
-58 

-.78 
' -50 

-68 
-88 
-72 
-82 
. -72 
-16 
-45 
-44 
-52 
-70 
-62 
.59 

- 

?e. 

-47 
-52 

15.@8: 
-19: 
-62: 
-52: 

-56 
-39 .a: 
-65: 
.56 : 

-00: 
-26: 

* 84: 
..31: 
.48 - -11 : - .62 : 

15.47: 
15.52 

-02 
15.52 

.66 - 70 

15.68 
-54 
.54 
-62 
-70 

14.85 
15.56 
-58 
-28 
-56 
-58 

.w 
-0.3 
-28 
.41 
-36 
-62 
.m .a 
-66 
-67 - 69 

-317 
-348 

-66 
-70 
-66 
-46 

14.68 
-93 
-88 
.82 

15.01 
.02 
-06 
-02' 
-04 
.70 

-3% 
.383 

' .59 
.83: 
-25: 

14.82 
-54 

-49: 
-20 

14.75 
-83 . .  
.89 

90 * 2.54 
-269 
-285 
-2% 
-315 
-331 
-346 
-362 
-381 

1.247 
-266 
i281 
-300 
-315 

2438291.330 
.352 
.367 
-382 

3.262 
-275 
- 2 9 2  
-31 1 
.344 
-361 
-380 

4.2:4 

-67 
.68 
-72 

14.37 
-86 

15.52 15% 
-48 
.40 

. -71 
-76 

14.96 
-92 

15.01 
-06 
- t6  
-29 

14.67 
-66 . e4 
-66 

-64 
-51 

. -66 -56 
-89 -26 
-64 .54' 
* 73 -26 

15.60 15-33 
-77 -60 
-5-3 *48 
-54 .63 
-58 - 28 
-58 .48 
-57 -51 .n -60 
-86 -69 
2 8  -70 

14.82 - 57 
15.54 -57 

-52 -54 ..sa -22 
.59 -54 
-62 14.66 
-77 -78 

-62 
-46 

- /135 13; 84 - 72 
-68 
-64 
-62 
-66 
-84 

-2% 
-24 
-00 

14.68 
15.04 

-17 
-04 
-65 
.52 
-78 

- -74 
'15.20 

-62 
15.28 

-28 
-38 

.01: 

.38 
-55 
.30 
-62 
.80: 
-30: 

-269 
-287 
-302 
-318 
-369 
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CATALOG OF PHOTOVISUAL MAGNITUDES OF STARS IN THE REGION WITH 
CENTER 01 = 19h, 6 = 4-11' 

V. I. Voroshilov 

This paper contains a catalog of photovisual mag- 
nitudes of 3440 stars, determined with a mean error of 
- +Om.04. The International System is used in the catalog. 

The present catalog represents a supplement to the catalog of 22,000 stars/136 
(Ref. 2). This latter catalog was compiled primarily for three colors, and 
only for area No. 2, containing 3440 stars are photovisual magnitudes lack- 
ing. The observational material was obtained on an astrograph having two 
chambers (Ref. 1) on Agfa Press plates with an exposure of 30 minutes. Photo- 
graphy was performed with a ZhS-12 filter. 
ing to these photographs are international magnitudes. 

The magnitudes determined accord- 

Yellow, photoelectric magnitudes of stars in cluster NGC 6709 were used 
as the standard (Ref. 3 ) .  This cluster is located at the boundary of the 
region being analyzed; therefore, the region and the standard were obtained on 
the same photograph. Atmospheric corrections did not exceed Om.03, which 
falls within the limits of the mean quadratic error of the catalog: 

m e, m .  :m , =, m 

9.0- 9.5 0.04 11-0-11.5 0.03 
9.5-10.0 0.03 -.11.5-~12.0 0.04 

10.0-10.5 0.03 12.0-12.5 0.05 
10.5-11.0 0.03 

The mea quadratic error of  the catalog comprises +Om.O4. The magnitudes - - 
were determined primarily from four photographs. 

7008 11- 
7009 11.08 
7010 1224 
7011 12.10 
7012 12.44 
io13 1228 
7014 11.33 
7015 12.35 
7016 12.38 
7017 12.16 
7018 1215 
7019 12.40 
7020 10.96 
7021 11.95 
7'022 11-49 

7056 
7057 
7058 
7059 
7060 
7061 
7062 
7063 
7064 
7065 
io66 
7067 
io68 
7069 
7070 

11-79 
12.15 
11.81 
1220 
1230 
12.19 
11.16 
11.87 
12.39 
1 1.32 
12.41 
10.63 
11.94 
11.63 
12.24 

7104 
7105 
7106 
7107 
7108 
7109 
71 10 
7111 
71 12 
71 13 
71 14 
i l l 5  
71 16 
71 17 
71 18 

9.76 
12.12 
11.93 
11.49 
1 I .N8 
10.69 
11.88 
10.41 
1 1 - 4 0  
12.06 
9.42 

10.1 1 
11-54 
11.90 
11.88 

7152 
7153 
7154 
7155 
7156 
7157 
7158 
7159 
7160 
7161 
7162 
7163 
7164 
71'5 
71% 

1137 

mPu 
--- 

I 1-81 
10.09 
12.18 
12.43 
12.01 
9.32 

1 I.4T 
11.84 
12-22 
.I261 
1 1 2 4  
12.02 
10.62 
1'.% 
12.38 ~ 
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M 

70% 
7024 
7025 
7026 
7027 
7028 
7029 
7030 
703 1 
7032 
7033 
7034 
7035 
7036 
7037 
7038 
7039 
7040 
7041 
7042 
7043 
7044 
7045 
7046 
7047 
7048 
7049 
7050 
705 1 
7052 
7053 
7054 
7055 

7201 
7202 
7203 
7234 
7205 
7236 
7207 
7203 
7209 
7210 
721 1 
1212 
7213 
7214 
7215 
7216 
7217 
i218 
7219 
7220 
722 1 
i222 
7223 
7224 
7225 
7226 
7227 
7228 
7229 

-- -. 

1 1.86 
11.69 
10.92 
12.08 
1 0-95 
10.71 
I 1.92 
12.12 
12.32 
12.16 
11-88 
10.33 
11.64 
11.92 
11.88 
10.61 
11.40 
8.94 

1220 
I I22 
11.99 
12.14 
12.14 
11.00 
1 1.23 
1 1.97 
11.58 
1224 
11.01 
10.55 
12-00 
9.14 

11.82 

12-23 
12.36 
12.23 
12.% 
9.74 

11.73 
12.40 
12.42 
11.88 
10.13 
11-57 
11.67 
10.94 
11-99 
1220 
12.12 
10.63 
12.29 
11.00 
11.99 
1229 
12.14 
12.06 
1229 
1221 
12.03 
12.42 
10.77 
10.91 

7071 
7072 
7073 
7074 
7075 
7076 
io77 
io78 
7079 
7080 
7081 
7082 
io83 
7084 
7085 
7086 
7087 
7088 
7089 
7090 
7091 
7092 
7093 
7094 
7095 
7096 
7097 
7098 
7099 
7100 
7101 
7102 
7103 

7249 
72.55 
725 1 
7252 
7253 
i254 
i255 
7256 
7257 
i2.58 
7259 
7260 
7261 
7262 
7263 
i264 
7265 
7266 
i267 
7268 
7269 
i270 
7271 
72i2 
7273 
7274 
7275 
i276 
7277 

- 

9.60 
10.29 
12.07 
9.32 

11-63 
11.82 
1225 
12.30 
1222 
12.36 
12.02 
10.77 
12.05 
12.45 
12.31 
.I 1-38 
12 24 
11.34 
l2.39 
12.47 
11.12 
11.81 
11.79 
12.16 
11.61 
1 1.74 
12.45 
10.55 
11.97 
12.43 
12.19 
11.87 
I 1.49 

11.91 
11.93 
12.04 
11.82 
11.89 
12.19 
1227 
11.06 
10.68 
11.39 
12.02 
12.06 
1 1.97 
12.32 
12.31 
11.47 
11.38 
11.65 
11.99 
12.32 
12.10 
10.05 
11.90 
1 1.47 
11.44 
12.03 
11.83 
11.13 
12.19 

I 1  1 9 -  
7120 
7121 
7122 
7123 
7124 
7125 
7126 
71 27 
1128 
7129 
7130 
7131 
71 32 
7133 
71.34 
71 35 
71 36 
7137 
71 38 
7139 
7140 
7141 

7143. 
7144 
7145 
7146 
7147 
7148 
7149 
71-q 
7151 

7297 
7298 
i299 
7300 
7301 
7302 
7303 
7204 
7305 
7306 
3 0 7  
7308 
7209 
7310 
731 1 
7312 
7313 
i314 
7315 
7316 
7317 
7318 
7319 
7320 
i32 1 
7322 
7323 
7324 
7325 

7 1 q  

12% 
12.30 
10.11 
11.48 
11-88 
12.41 
12.45 
1223 
11.92 
11.89 
10.44 
12-14# 
1222 
11.61 
1128 
1026 
12.19 
11-74 
9.97 

11.94 
1231 
12.00 
42.12 
11-82 
12.16 
11.10 
11.93 
11.79 
12.10 
1227 
11.98 
12.30 
11.79 

8.81 
12.12 
1 1.73 
1220 
12.08 
12.12 
11.91 
12.30 
1224 
12.46 
1 1.92 
12.01 
10.63 
1226 
1228 
1 1.07 
12.39 
11-40 
12.12 
12.06 
1226 
12.32 
11-51 
11.03 
11-67 
10.40 
10.19 
12.44 
1 I .67 

7167 
7168 
71 69 
7170 
3 7 1  
7173 
7174 
i175 
7176 
7177 
7178 
7179 
7180 
7181 
7182 
7183 
7184 
7185 
7186 
7187 
7188 
7189 
71W 
7191 
7192 
7193 
7194 
7195 
7196 
7197 
7198 
f199 
7200 
7345 
i346 
7347 
7348 
7349 
7350 
i351 
i352 
7353 
7354 
7355 
7356 
i337 
7358 
7359 
7360 
736 1 
7362 
7363 
i354 
7365 
73% 
7367 
7368 
7369 
i 3  i 0  
737 1 
7372 
7373 

11 12 
11.59 
10.57 
11.30. 
14.21 
10.81 
12.m 
10.62 
1 2.00 
11.06 
12.08 
1227 
12.17 
i1.m 
11.83 
11.58 
1154 
1 I.* 
a224 
11.72 
9.84 

11.60 
1224 
11.00 
11.81 
12.06 
1185 
1221 
1224 
12.09 
1231 11m 
1238 

11.34 
12.30 
12.16 
I 1.70 
12.10 
11.47 
11.96 
11.90 
11.74 
1227 
11.81 
11.96 
12.00 
1 1.73 
1124 
12.36 
12.09 
11.89 
10.59 
11.13 
9.48 

12.03 
11.91 
11.95 
11.85 
1 1.97 
12.20 
11.14 
12.27 
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Ak 

72io 
7231 
7232 
7233 
7234 
7235 
7236 
7237 
7238 
7239 
7240 
724 1 
7242 
7243 
7244 
7245 
7246 
7247 
7248 

7393 
7394 
73?5 
7396 
7397 
7398 
7399 
7400 
7401 

7403 
7404 
7405 
7406 
7407 
7408 
7409 
7410 
741 I 
7412 
7413 
7414 
7415 
7416 
741 7 
7418 
7419 
7420 
742 1 
7422 
7423 
7424 
7425 
7426 
7427 
7428 
7429 
7430 
7431 
7432 
7433 
7434 
7435 

ne2 

in,, 

12.14 
11.41 
I 1.67 
11.15 
11-32 
11.55 
11.55 
11.87 
11.04 
12-02 
12.59 
12.21 
1220 
12.20 
11.74 
11.17 
1227 
11.35 
11.99 

1 1.59 
12.50 
10.50 
12.05 
11.85 
10.06 
11.38 
12.18 
1221 
12.06 
10.82 
11-60 
12.13 11.m 
11.73 
12.04 
11.18 
11.06 
10.03 
12.01 
11.08 
12.31 
12.1 1 
12.36 
10.70 
11.75 
11.05 
12.33 
11.97 
11-74 
12.39 
1 1.91 
.I 1.96 
11.17 
11.81 
11.54 
12.40 
11.91 
I120 
11.93 
12.30 
9.44 
10.74 

jig 

7278 
7279 
7280 
728 I 
7282 
7283 
7284 
7285 
7286 
7287 
7288 
7289 
7290 
7291 
7292 
7293 
7294 
7295 
7296 

744 1 
7442 
7443 
7444 
7445 
7446 
7447 
7418 
7449 
7450 
745 1 
7452 
F453 
7454 
7455 
7456 
74 57 
7458 
7453 
7460 
F461 
7462 
7463 
74 64 
7465 
7466 
7467 
F468 
7469 
7470 
'7471 
7472 
7453 
7474 
7475 
7476 
74 i 7  
7478 
7479 
7180 
7481 
7482 
7483 

mpV 

12.40 
11.85 
1 1.49 
12.37 
12.45 
11.31 
10.50 
1 1 :47 
12.13 
12.28 
10.67 
1121 
1 1 2 8  
1224 
12.02 
12.31 
11-22 
11.84 
11.85 

9.70 
12.03 
'9.71 
1226 
10.58 
1 I.& 
12.17 
10.81 
12.17 
12.19 
12.27 
1220 
10.76 
1 1.59 
1026 
11.81 
1222 
12.09 
11.30 
11.31 
11.17 
11-29 
10.11 
12.52 
10.38 
1 1.62 
11.84 
11.31 
11.49 
12-04 
1 1.51 
12.08 
1124 
12.22 
11.14 
9.56 
9.98 
10.41 
10.94 
1220 
11.54 
12.06 
11.74 

kk 

7326 
7327 
7326 
7329 
7330 
7331 
7332 
i333 
7334 
7335 
7336 
7337 
7338 
7339 
7340 
7341 
7342 
7343 
7344 

7483 
7490 
749 1 
7492 
7493 
7494 
7495 
7496 
7497 
74 8 
i499 
75CO 
7501 
7502 
7503 
7504 
7E05 
7506 
is7 
7508 
7309 
7510 
751 1 
7512 
7513 
7514 
7515 
7516 
7517 
7518 
7519 
7520 
752 1 
7522 
7523 
7524 
7525 
7526 
7527 
7528 
7529 
75ZO 
753 1 

' 
12.08 
12.40 
11-37 
12.45 
12.32 
12.05 
12.16 
10.12 
12.00 
11-30 
11.93 
10.61 
11.29 
1 1-95 
12.39 
12.43 
11.66 
12.07 
8-73 

10.1 1 
10.55 
10.79 
12.03 
11.64 
1028 
10.45 
11.94 
12.22 
11.02 
12.35 
12.06 
10.93 
11.40 
11.37 
11.90 
1227 
10.79 
12.10 
11.64 
10.85 
12.07 
1228 
1220 
11.30 
11.90 
1023 
11.08 
12.36 
12.02 
11-19 
12-53 
11.30 
11.62 
1220 
1121 
12.14 
1 1.37 
11.96 
12.40 
1125 
1 1.70 
12.08 

7374 
7375 
72i6 
7377 
i378 
759 
i Z i  
7381 
7382 
7383 
7384 
7385 
7385 
7387 
7388 
m3 
7390 
739 1 
7392 

7537 
i538 
7539 
7540 
754 1 
7542 
7543 
7544 
7545 
7546 
7547 
7548 
7559 
7550 
755 1 
7552 
7553 
7554 
7555 
7556 
7557 
7558 
7559 
7560 
7561 
7562 
7 5 5  
7564 
7565 
7566 
7567 
7568 
7569 
7570 
757 1 
7572 
7573 
7574 
7575 
7576 
75n 
7578 
7579 

1224 
1228 
9.61 
11-66 
9.56 
12.14 
11.99 
11.39 
1124 
12.05 
8.9 1 
10.55 
10.30 
12.14 
11.91 
11.05 
1224 
1 1.57 
12.00 

10.m 
1 1.87 
11.41 
1222 
12.37 
12.4 1 
9.72 
12.10 
11.45 
11.68 
11.45 
1225 
12.02 
11.84 
11.30 
11.44 
1213 
12.07 
12.10 
12.17 
11.96 
1220 
11.75 
11.90 
9.84 
11.90 
11.07 
12.16 
1232 
11.88 
10.58 
1 1.76 
12.01 
12.36 
12.02 
1224 
11.89 
11.04 
12.09 
1 1.78 
11.56 
11.31 
12.14 
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10.02 'I 
11.41 
12.18 
12.40 
9.19 

I 2 2 6  
9.18 

10.35 

7436 
7437 
7438 
7439 
7440 

7585 
7586 
7587 
7588 
7589 
7590 
7591 
7592 
7593 
7594 
7535 
7596 
7597 
7598 
7599 
7600 
7601 
7602 
7603 
7604 
7605 
7606 
7607 
76@8 
7609 
7610 
761 I 
.76 I2 
7613 
7614 
7615 
761G 
7617 
7618 
7619 
7620 
i62 I 
7622 
7623 
7624 
7625 
7626 
7627 
7628 
7629 
7630 
763 1 
7632 
7777 
i778 
7779 
7780 
778 1 
7782 
7783 
77&4 

7921 
7922 
7923 
7924 
7925 
7926 
7927 
7928 

10.42 
1227 
10.41 
11.88 
11.94 

11-44 
10.91 
11.42 
12.02 
11.02 
12.31 
11.43 
1 1.08 
12.07 
12.12 
12-25 
12.03 
11.36 
9.69 
11.99 
12.14 
11.67 
12.20 
10.70 
12.16 
11.67 
11.76 
12.10 
12.09 
11.83 
11-70 
11.91 
12.42 
12.1 I 
11.91 
11.99 
I 1.72 
12.39 
12.27 
12.39 
12.01 
12.15 
11.14 
9.79 

I 1.67 
1 1.87 
12.35 
12.12 
1229 
1 I .82 
1227 
10.88 
1232 
10.55 
1124 
12.16 
1224 
11.96 
928 
1127 
1222 

7484 
74% 
7436 
7487 
7488 

7m 
'7634 
7635 
7636 
7637 
7638 
7639 
7640 
7641 
7642 
7643 
7644 
7645 
7646 
7647 
7648 
7649 
7650 
7651 
7652 
7653 
7654 
7655 
7656 
7657 
7658 
7659 
7660 
766 I 
7662 
7663 
7661 
7665 
7666 
7667 
7668 
7669 
7670 
767 1 
7672 
7673 
7674 
7675 
7676 
7677 
7678 
7679 
7680 
7825 
7826 
7827 
7828 
5829 
7830 
7831 
7832 

11.47 
11.07 
12.09 
11.48 
11.09 

1227 
11.71 
10.93 
12.24 
11.56 
12.07 
11-57 
11.88 
9.54 
12.06 
12.18 
11.32 
12.20 
12.18 
11.07 
12.31 
10.75 
12.42 
1 I .97 
I 1.93 
12.00 
1227 
12.17 
11.53 
11.67 
12.4 1 
12.44 
1228 
11.15 
11.40 
10.26 
1225 
11.61 
9.76 
12.05 
1 1.95 
9.65 
12.25 
1 1.95 
12.06 
12.50 
12.1 1 
12.02 
11.66 
11.88 
12.16 
12.38 
12.12 

7532 
7533 
7534 
753s 
7536 

7681 
7682 
7683 
7684 
768s 
7686 
7687 
7688 
7683 
7690 
7691 
i692 
,7693 
7694 
7695 
i696 
7697 
7698 
7699 
7700 no 1 
7702 
7703 
7704 
7705 
7706 
7707 
7708 
7709 
7710 
771 1 
7712 
7713 
7714 
7715 
7716 
7717 
7718 
7719 
7720 
772 I 
7722 
i723 
7724 
7725 
7726 
7727 
7728 

11.66 I 7873 

10.07 
10.13 
12.06 
12.32 
12.30 

7876 
7877 
78878 
7879 
7880 

11.73 
12.46 
f 1.44 
12.08 
10.49 

11.10 
1 I .52 
12.17 
11.49 
I 1 2 0  
12-47 
11.48 
12.16 
11.67 
12.45 
1223 
1 1.97 
11-33 
11-67 
12.1 1 
12.36 
11.48 
1222 
11.04 
11.36 
11.46 
11-83 
11.72 
1226 
11.17 
10.82 
12.02 
12.46 
1 1.90 
12.33 
1 1.82 
12.42 
1229 
12.52 
12-18 
10.62 
12.14 
I I .94 
12.19 
1 1.81 
1226 
11-48 
10.19 
920 
11.94 
12.36 
12.12 
1224 

7580 
7581 
7 5 s  
7!%3 
7584 

7729 
7730 
7731 
7732 
7x33 
7734 
7735 
7736 
7737 
7738 
7733 
7740 
774 1 
7742 
7743 
7744 
7745 
7746 
7747 
7748 
7749 
7750 
7751 
7752 
7753 
77.54 
7755 
7756 
7757 
7758 
7759 
77FA 
776 1 
7762 
7763 
7764 
7765 
7766 
7767 
7768 
7769 
7770 
7771 
7772 
m3 
m4 
7775 
7776 

11.90 
11.19 
12.36 
I 1 -74 
1199 

12.03 
12-09 
12.1 1 
11-90 
9.85 
11.87 
12.03 
10.78 
1224 
11.81 
1157 
12.19 
12.10 
11.97 
12.12 
1220 
I I27 
1 1.80 
10.44 
11.04 
12.06 
11.08 
11.85 
12.16 
10.62 
1 I .76 
11.94 
11.77 
1 1.07 
11.36 
11.90 
12.06 
11.87 
12.17 
8.66 

1 1.93 
11.64 
12.10 
11.96 
llS0 
1222 
10.54 
11.68 
12.04 
12.14 
12.44 
12.08 
9.65 

I 2 2 5  
12.10 
1126 
11.67 
10.77 
1214 
I 1-63 
1217 
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7785 
7786 
7787 
7788 
7789 
7790 
7791 
7792 
7793 
7794 
7795 
7796 
7797. 
7798 
7793 
7800 
7801 
7802 
7803 
7804 
7805 
7806 
7807 
7808 
7809 
7810 
781 1 
7812 
7813 
7814 
7815 
7816 
7817 
7818 
7819 
7820 
782 1 
7822 
7823 
7824 

7970 
7 $71 
7972 
7973 
7974 
7975 
7976 
7977 
7978 
5979 
79:O 
798 1 
7 .82 
7983 
7984 
7985 
7986 
7957 
7988 
7989 
7990 
7931 

- 
11.71 
12.15 
12.12 
11.85 
1 1.95 
10.40 
1 1.93 
9.45 

11.17 
11.90 
11.65 
11.07 
12.13 
1 1.45 
10.06 
11.20 
11.80 
12.14 
11.79 
12.20 
12.32 
12.30 
10.72 
12.09 
1025 
11.47 
8.94 

11-44 
1 1.82 
12.12 
1229 
10.47 
1229 
11.04 
11.66 
1028 
11.32 
12.17 
9.83 

1220 

12.10 
11.1 1 
1226 
11.66 
12.16 
12.21 
12.07 
10.92 
12.12 
12.03 
12.15 
9.10 

12.06 
10.32 
11.43 
12.14 
12.14 
12.36 
12.42 
1120 
11.59 
12.3 1 

. _ -  

7833 
7834 
5835 
7836 
7837 
7838 
7839 
7840 
7841 
7842 
7843 
7844 
7845 
7846 
7847 
7848 
7849 
7850 
7851 
7852 
7853 
7854 
7855 
7856 
7857 
7858 
7859 
7860 
786 I 
7862 
7863 
7864 
7865 
7866 
7867 
7868 
786;9, 
7870 
787 1 
7872 

8018 
E01 2 
8020 
802 1 
8022 
8023 
8@24 
8025 
E026 
8027 
8028 
8029 
8c30 
8C3 1 
8032 
80.33 
8034 
8033 
8036 
8037 
8038 
8039 

12-03 
1217 
11-80 
11.97 
1163 
11.41 
11.60 
12.19 
11.74 
1224 
I129 
10.63 
11.62 
12.05 
10.64 
11.44 
10.92 
1129 
11.90 
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10.07 
11.36 
1190 

11.77 
11.62 
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8045 
8046 
8047 
8048 
8049 
8050 
805 1 
8052 
8053 
8054 
8055 
8056 
8057 
8058 
8059 
E060 
806 1 
8062 
8063 
8064 
8065 
8210 
821 1 
8212, 
8213 
8214 
8215 
8217 
8218 
8219 
8220 
8221 
8222 
8223 
8224 
8225 
8226 
8227 
8228 
8229 
8230 
8231 
8232 
8233 
8234 
8235 
8236 
8237 
8238 
8239 
8240 
824 1 
tG42 
8243 
8244 
8245 
8246 
8247 

-" -n.s-- 
8041 11.82 
8042 11.99 

1 1.93 
1130 
1 1.24 
12.14 
1I.W 
12.16 
1224 
11.79 
12.18 
12.33 
1 1.47 
12.44 
10.81 
11.77 
10.30 
10.47 
1 1.97 
1224 
12.22 
12.15 
12.05 
11.90 
12.14 
-1 028 
11.51 
1222 
10.99 
11-84 
1 1  82 
10.06 
12.17 
10.49 
9.69 
11.18 
11.85 
1 1.90 
11-46 
1220 
1 1.42 
12.02 
1224 
12.25 
11.89 
11.94 
12.36 
1 1.82 
12.17 
1 1.87 
11-63 
11.74 
12:17 
11.59 
12-01 
11.58 
12.25 
11.79 
11.97 
12.19 
12.31 
11-04 

8088 11-90 
8089 
8090 
8091 
8092 
8093 
8094 
80 15 
8096 
8097 
8038 
8099 
8100 
8101 
8102 
8103 
8104 
8105 
8106 
8107 
8108 
8103 
8110 
8111 
81 12 
81 13 
8259 
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12.05 
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11.67 
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12.01 
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12.14 
1 I.87 
12.1 1 

1229 
10.65 
1227 
12.35 
12.14 
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10.57 
9.07 
12.14 
1226 
12.10 
1 I .97 
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12.33 
10.81 
11.68 
12.23 
I I .59 
11.62 
1224 

8296 
8297 
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8470 
8471 
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8474 
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12.30 
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12.13 
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11-77 
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8520 
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12.14 
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11.95 
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11.97 
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1229 
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9.89 
1227 
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8600 
8601 
8602 
8603 
8604 
8605 
86% 
8607 
8608 
8609 
8610 
861 1 
8612 
8613 
8614 
8615 
8616 
8617 
8618 
8619 
8620 
8621 
8622 
8623 
8624 
8625 
8626 
8627 
8628 
8629 
8630 
8631 
8632 
8633 
8634 
8635 
8636 
8637 
8638 
8639 
8640 
8641 
a642 

8788 
8789 
8790 
879 1 
8792 
8793 
8794 
8795 
8796 
8797 
8798 
8799 
8800 

9.13 
11.71 
11.87. 
1 1.75 
11.00 
12.12 
12.08 
12.13 
1233 
11.88 
11-80 
11.36 
11-40 
11.55 
11.71. 
1220 
9.45 
9.97 
11.97 
11.54 
1020 
10.73 
12.19 
12.05 
11-89 
12.30 
12.17 
10.53 
920 
12.30 
12.34 
10.56 
11-99 
9.59 
10.68 
10.92 
12.09 
10.97 
9.74 
11.66 
11.35 
1124 
12.16 
10.40 
12.12 
11-93 
11.09 
11.18 
12.14 
11.82 
11.11 
10.50 
10.94 
!236 
11.85 
9.9s 

1 1.43 
11.43 
12.15 
12.15 
12.37 

8643 
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8942 
8943 
8944 
8945 
8946 
8947 
8948 
8949 
8950 
895 1 
8952 
8953 
8954 
8955 
8956 
8957 
8958 
8959 
8960 

11.94 
10.03 
1 1.78 
12.13 
12.06 
12-28 
1 1.87 
-1 1-27 
11.50 
12.32 
11.32 
11.94 
1236 
12-46 
11.58 
12.20 
11.54 
12.33 
12.00 
12.52 
1224 
12.43 
12.19 
11.90 
11.12 
12.37 
12.29 
12.38 
12.30 
12.49 
9.24 
10.20 
12.14 
11.13 
12.12 

I 1.62 
11.89 
9.71 
12.40 
i1.90 
12.12 
12.31 
10.18 
12.18 
12.4 1 
10.96 
10.43 
1 1.45 
11.71 
12 -05 
!Q.!t? 
12.18 
12.17 
1 1.37 
12.19 
1128 
11-77 
12.11 
9.1 1 
11.94 
10.95 
11-54 

8801 
8802 
8803 
8804 
8805 
8806 
8807 
8808 
8809 
881 0 
881 1 
8812 
8813 
8814 
8815 
8816 
8817 
8818 
8819 
8820 
8821 
8822 
8823 
8824 
8825 
8826 
8827 
8828 
8829 
8830 
8831 
8832 
8833 
8834 
8835 

8932 
8983 
8984 
8985 
8986 
8987 
8388 
8989 
8990 
8991 
8992 
8993 
8994 
8995 
8996 

8998 
8999 
9Ooo 
9001 
9002 
9003 
9004 
9005 
9006 
9007 
9008 

0rU-n 
“JJ, 

* 11.93 
8.94 
11.73 
11.64 
11-42 
1 1.74 
1228 
11.99 
12.21 
12.40 
9.57 
12.25 
11.24 
1125 
1222 
11.52 
1229 
11.96 
12.32 
11.79 
12.12 
1229 
12.00 
10.37 
11.00 
1 1.89 
I227 
12.15 
12.27 
12.05 
12.53 
1227 
11.51 
11.67 
1 1.87 

11.38 
1 1.52 
12.17 
12.10 
11.32 
1227 
1221 
12.13 
1221 
12.35 
12.22 
11.76 
11.67 
11.56 
12.35 
11.Gi 
1221 
11.04 
11.31 
12.38 
12.15 
i225 
11-49 
1 1 2 9  
12.06 
12.31 
10.77 

8851 
8852 
8853 
8854 
8855 
8856 
8857 
8858 
8859 
8860 
8861 
8862 
8863 
8864 
8865 
8866 
8867 
8868 
8869 
8870 
8871 
8872 
8873 
8874 
8875 
8876 
8877 
8878 
8879 
8880 
8881 
8882 
8883 
8884 

9030 
9032 
9033 
9034 
9035 
9036 
9037 
9038 
9039 
9040 
9041 
9042 
9043 
9044 
9045 
9 i M  
9047 
9048 
9049 
w50 
905 I 
9052 
9053 
9054 
9055 
9056 
9057 

12.39 
12.08 
12.19 
11.95 
11.80 
1122  
-1221 
1233 
12.00 
12.21 
12.40 
11.93 
1225 
11.72 
12.30 
11.96 
10.44 
11.52 
11.53 
12.08 
1 1-.59 
12.31 
10.95 
9.01 
11.52 
12.05 
12x3 
12.19 
10.88 
12.09 
11.41 
10.41 
12.07 
12.00 
11.71 

1220 
11.76 
11.98 
12.33 
11.10 
12.1 1 
12.33 
1 1.97 
12.38 
10.88 
12.4 1 
I 1.93 
12.16 
1 050 
12.07 
12.07 
11.95 
1130 
11.98 
11-37 
1 1.52 
11.57 
10.65 
9-90 
11.47 
10.68 
11.77 

8898 
8899 
8900 
8901 
8902 
8903 
8905 
8906 
8907 
8908 
8909 
8910 
891 1 
8912 
8913 
8914 
8915 
8916 
8917 
8918 
8919 
8920 
8921 
8922 
8923 
8924 
8925 
8926 
8927 
8928 
8929 
8930 
893 1 
8932 
8933 

9079 
9080 
9081 
9082 
9083 
9084 
9085 
9086 
9087 
9088 
9089 
9090 
9091 
9092 
9093 
9094 
9095 
9096 
9097 
9098 
9099 
9100 
9101 
9102 
9103 
9104 
9105 

939 
12.38 
11.82 
11-70 
11.68 
11.63 
12.19 
12.34 
12.15 
1 1 2 7  
10.69 
12.35 
12.33 
12.23 
10.68 
12.17 
1250 
11.74 
12.09 
1220 
10.61 
9.99 
11.43 
12.1 1 
12.26 
11.52 
12.05 
1028 
1 1.97 
10.36 
12.42 
12.09 
12.1 1 
12.39 
1228 

??.SI 
124f1 
1p10 
1 022 
1 0.38 
9.67 

1227 
10.3b 
9.a 
12.B 
11.42 
1247 
12a)  
1242 
10.69 
11.61 
1 id7 
1234 
12-08 
125 
12.42 
10,m 
12x9 
1225 
1230 
12.01 
1216 

/147 

121 



N: 

8961 
8962 
8963 
a964 
8965 
8966 
8967 
8968 
8969 
8970 
8971 
8972 
8973 
8974 
8975 
8976 
8977 
8978 
8979 
8980 
8981 

9127 
9128 
9129 
9130 
9131 
9132 
9133 
9134 
9135 
9136 
9137 
9138 
9139 
9140 
9141 
9142 
9143 
9144 
9145 
9146 
9147 
9148 
9149 
9150 
9151 
9152 
9153 
9154 
9155 
91 56 
9157 
9158 
9159 
9 1.60 
9 W  
9162 
9163 
9164 
9165 
9166 
9167 

. -  -~ 
11-91 
12.46 
11.48 
12.1 1 
12.42 
11.63 
1234 
12.13 
12.42 
10.13 
11.97 
11.95 
12.36 
11.13 
11.81 
12.10 
11.36 
11.43 
11.91 
11.56 
1227 

11.66 
12.1 I 
10.35 
11.14 
10.35 
12.14 
12.1 1 
12.13 
12-29 
1227 
11.59 
11.97 
10.62 
12.24 
11.81 
10 
9.86 
10.73 
1 I .52 
12.31 
11.74 
1 1 .os 
I 1.79 
1223 
10.35 
12.31 
12.22 
12.10 
1221 
12.17 
I264 
12.02 
1226 
11.49 
1224 
12.32 
1224 
12.12 
11-80 
1 1.30 
12.52 

9009 
9010 
901 1 
9012 
9013 
90 14 
9015 
9016 
9017 
901 8 
9019 
9020 
9021 
9022 
9023 
9024 
9M5 
9026 
son 
9028 
9M9 

9175 
9176 
9177 
91 78 
9179 
9180 
9181 
9182 
9183 
9184 
9185 
9186 
9187 
9188 
9189 
9IW 
9191 
9192 
9193 
9194 
9195 
9196 
9197 
9198 
9199 
9200 
9201 
9202 
9203 
9204 
9205 
9206 
9207 
9208 
9209 
9210 
921 1 
9212 
9213 
9214 
9215 

12.10 
12.18 
11-56 
10.53 
12.16 
11-85 
12.55 
11.94 
11.46 
12.38 
12.34 
10.61 
1225 
11.59 
11-74 
12.19 
1252 
11-80 
1213 
11.98 
12-19 

11.96 
12.13 
10.15 
11.53 
10.95 
I124 
10.79 
12.32 
11-05 
12.14 
12.12 
12.15 
12.33 
1 1-70 
12.31 
1 I .fY? 
12.53 
12.04 
11.11 
12.14 
11.82 
1238 
12.12 
1220 
12.05 
12.16 
12.03 
12.10 
1228 
12.18 
12.20 
11.55 
1 1.86 
11.38 
10.36 
12.04 
11.88 
12.46 
1124 
11.30 
12.22 

9058 
9059 
9060 
9061 
9062 
9063 
9064 
9065 
9066 
9067 
9068 
9069 
9070 
907 I 
w72 
9073 
9074 
m 
9076 
son 
9078 

9223 
9224 
9225 
9226 
9227 
92s 
9229 
9230 
9231 
9232 
9233 
9234 
9235 
9236 
9237 
9238 
9239 
9240 
924 I 
9242 
9243 
9244 
9245 
9246 
9247 
.9248 
9249 
9250 
9251 
9252 
9253 
9254 
9255 
9256 
9257 
9258 
9259 
9260 
926 I 
9262 
9263 

11.74 
10.82 
12.4 1 
12.11 
1281 
10.86 
12.08 
.I221 
11.79 
126.1 
11.79 
1 1.76 
9.10 
1239 
10.94 
9.8 

11.86 
1221 
1128 
11-32 
1194 

11-30 
1 1 -95 
10.94 
12.10 
1025 
12.00 
12.06 
1 I .82 
11.65 
11.37 
11.72 
11.37 
11.37 
11.81 
12.06 
12.06 
11.32 
11.50 
11.13 
10.48 
9.68 
12.02 
12.14 
11.82 
11.72 
10.35 
10.74 
1222 
11.62 
1 1.53 
9.98 
11.58 
12.35 
10.40 
12.03 
11.34 
12.06 
12.44 
12.43 
12.14 
10.47 

n I 
9106 
9107 
9108 
9109 
91 10 
9111 
91 12 
91 13 
9114 
91 15 
91 16 
91 17 
91 18 
91 19 
9120 
9121 
9122 
9123 
9124 
912s 
9126 

92Zl 
9272 
9273 
9274 
9275 
9276 
9277 
9278 
9279 
9280 
9281 
9282 
9283 
9284 
9285 
9286 
9287 
9288 
9289 
9290 
9291 
9292 
9293 
9294 
9295 
9296 
9297 
9298 
9299 
9300 
9301 
9302 
9303 
9304 
9305 
9306 
9307 
9308 
9303 
9310 
931 1 

1236 
1206 
1231 
1 1 s  
1213 m 
I243 
11-73 
ltfg 
l2.M 
I U D  
It30 
t2-u 
1- 
I246 
1 2 9  
IZU 
1231 
123p 

I la 
10.9 1 
12.62 
11.87 
11.81 
1126 
1120 
1024 
1 I& 
12.44 
9.71 
1229 
11.82 
10.59 
1221 
12.22 
9.87 
12.02 
1227 
12.34 
10.92 
12.32 
12.01 
11.52 
12.31 
11.97 
11.60 
11.66 
10.99 
12.01 
11.6 
11-44 
11.81 
11.83 
12.16 
12.14 
11.84 
12.36 
11.86 
12.31 
11-64 
11.15 

1217 
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4 
R 

_ _  

N! 
- 

9168 
s i 8  
9qo 
9lp 
9 1.v 
9173 
9174 

9319 
9320 
9321 
9322 
9323 
9324 
9325 
9326 
9327 
9328 
9329 
9330 
9331 
93.32 
9333 
9334 
9335 
9336 
9337 
9338 
9339 
9340 
9341 
9342 
9343 
9345 
9346 
9347 
9348 
9349 
9350 
9351 
9352 
9353 
9354 
9355 
9356 
9357 
9358 
9359 
9360 
9361 
9362 
9363 
9364 
9365 
9366 
9367 
%R 
9513 
9514 
9515 
9516 
e l 7  

12.03 
1222 
11.78 
1226 
1 1.24 
10.91 
12.14 

1 1.57 
11.64 
10.59 
11.41 
1120 
12.53 
1 1.59 
10.07 
11.68 
1225 
10.82 
12.12 
12.08 
11.14 
12.18 
1226 
11.64 
11.67 
12.06 
11.69 
12.06 
12.05 
12.30 
12.09 
10.03 
12.02 
11.87 
12.16 
12.23 
12.35 
11.99 
1 1.98 
12.35 
11-47 
11.77 
11.90 
1 1.93 
11.05 
1 I.& 
11.41 
12.30 
9.74 

1220 
12.15 
11.05 
11.20 
11.39 
12.08 
10.13 
8.95 

1227 
11.78 
11.82 
1 1.52 

92 E 
9217 
9218 
9219 
9220 
922 1 
9222 

9368 
9369 
9370 
9371 
9372 
9373 
9374 
9375 
9376 
9377 
9378 
9379 
9380- 
9381 
9382 
9383 
9384 
9385 
9386 
9387 
9388 
9389 
9390 
9391 
9392 
9393 
9394 
9395 
9396 
9397 
9398 
9399 
9400 
9401 
9402 
9403 
9404 
9405 
9406 
9407 
9408 
9409 
9410 
941 1 
9412 
9413 
9414 
9415 
9560 
9561 
9562 
9563 
9564 
9565 

10.38 
11.95 
11.56 
12.14 
10.78 
11.79 
10.61 

12.12 
9.93 

11.96 
1123 
12.12' 
1125 
12.06 
1220 
11.13 
12.36 
12.30 
10.94 
1 1.76 
11-05 
11.43 
1229 
12.30 
12.34 
1224 
12.44 
11-63 
12.40 
11-07 
12.03 
1 1.69 
11.78 
12.02 
12.32 
10.30 
1157 
12.14 
12.14 
11.26 
10.38 
12.27 
11.31 
12.48 
12.27 
12.18 
I 1.93 
12.34 
10.26 
12.02 
12.34 
11.24 . 
1236 
1222 
11-93 
1226 
12-10 
11.96 
11.36 
12.26 
10.56 

9264 
9265 
9266 
9267 
9268 
9269 
9270 

9416 
9417 
94 18 
9419 
9420 
9421 
9422 
9423 
9424 
9425 
9426 
94% 

9429 
9430 
9431 
9432 
9433 
9434 
9435 
9436 
9437 
9438 
9439 
9440 
944 1 
9442 
9443 
9444 
9445 
9446 
9447 
9448 
9449 
9450 
945 1 
9452 
9453 
9454 
9455 
9456 
9457 
9458 
9459 
9460 
9461 
9462 
9463 
9608 
9609 
9610 
961 1 
9612 
9613 

wa 

mP3 

12.51 
11-81 
11.14 
1 1.42 
12.17 
1124 
1221 

1212 
1229 
12-34 
12.38 
12.32 
11.56 
12.46 
12.10 
1152 

12.08 
11.a6 
11.86 
11.14 
12.16 
11.40 
1 1.93 
10.99 
12.09 
11.68 
11.39 
12.13 
11.67 
l2.14 
12.17 
11.87 
1204 
11.91 
12-22 
11.16 
9.4 1 

11.57 
12.05 
8.91 

12.32 
12.38 
11.37 
12.32 
12.13 
10.84 
12.15 
12.27 
12.12 
12.48 
12.06 
11.48 
10.92 
11.00 
12.17 
1222 
12.32 
10.96 
10.87 
11-67 

12.10 

9312 
9313 
9314 
9315 
9316 
9317 
9318 

9464 
9165 
9466 
!u67 
%68 
9468 
9410 
9471 
9472 
9473. 
9474 
9475 
9476 
9477 
9478 
9479 
9480 
9481 
9482 
9483 
9484 
9485 
9486 
9487 
9488 
9489 
9490 
949 1 
9492 
9493 
9494 
9495 
9496 
9497 
9498 
9499 
9500 
9501 
9502 
9503 
9504 
9505 
9506 
9507 
9508 
9509 
9510 
951 1 
9656 
9657 
9658 
9659 
9660 
9661 

-__ 

mDV 

11.81 
1 230 
11.62 
11-38 
12.08 
1229 
12.08 

&E 
1 LW 
1214 
1203 
1214 
10.49 
10.n 
9.74 

I P S  
1246 
1224 
1038 
1232 
l l M  
1 n.99 
1238 
11.n 
1232 
11.m 
12m 
1203 
1229 
9.72 

l0BL 
1 2 2 0  
10.61 
8.75 

11.85 
11-99 
ma2 
12.01 
11.62 
1232 
l2-2? 

1223 
12n 
1 La! 
12.B =a 
1228 
12M 
1 r.m 
983 
1192 
I 1 m  
Lo5B 
11.39 
1 1-59 
11.67 
12.44 
11.71 
1238 

rim 

/149 - 
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I -. . 

9518 
!SI9 
9520 
9521 

'9522 
9523 
9524 
9525 
4526 
9x27 
9528 
9529 
9530 
9531 
9532 
9533 
4534 
9535 
m36 
m37 
m38 
S39 
m40 
PSQl 
4542 
m43 
4544 
m45 
m46 
4547 
Q548 
9549 
9550 
955 1 
9352 
m53 
m54 
9555 
9556 
9557 
9558 
9559 

9704 
9705 
9706 
9707 
9708 
9709 
9710 
971 1 
9712 
9713 
9714 
9715 
9716 
971 7 
9718 
9719 
9720 
9721 
9722 
9723 

1221 
1197 
61.83 

' 1222 
9.32 
11.76 
1 1.78 
10.93 
11.91 
1025 
11.52 
11.09 
12.30 
12.37 
1225 
8.90 
11.88 
11.40 
10.64 
9.48 
11.82 
12.02 
11.74 
11.95 
11.85 
11.10 
12.18 
1 1.59 
12.10 
11.77 
11.02 
12.10 
12.32 
12.06 
12-25 
12.01 
12.19 
12.33 
12.30 
11.97 
11.69 
12.34 

1 I .52 
12.50 
11.74 
12.06 
11.72 
1220 
11.82 
12.31 
1230 
11-40 
12.45 
1223 
1 1 -49 
10.57 
12.31 
10.09 
11.75 
11.64 
11.21 
11.80 

1 2 4  

9566 
9567 
9568 
9569 
9570 
957 I 
9572 
9573 
9574 
95E 
9576 
9577 
9578 
9579 
9580 
9581 
9582 
9583 
9584 
9585 
9586 
9587 
9588 
9589 
9590 
9591 
9592 
9593 
9594 
9595 
9596 
9597 
9598 
9599 
9600 
9601 
9602 
9603 
9604 
9605 
9606 
9607 

9752 
9753 
9754 
9755 
9756 
9757 
9758 
9759 
9760 
9761 
9762 
9763 
9764 
9765 
9766 
9767 
9768 
9769 
9770 
9771 

ntpa 

11.88 
1 1 2 9  
11.49 
10.88 
11.16 
1029 
12.10 
12.32 
12.14 
12.13 
12.30 
10.14 
9.87 
11.99 
12.38 
11.80 
11.68 
12.45 
11-87 
12.12 
12.03 
12.18 
11.05 
12.25 
11.59 
9.50 

1 1.49 
1 I .56 
1227 
11.69 
I128 
12.38 
11.23 
12.19 
12.09 
12.37 
12.12 
12.32 
1028 
12.18 
12.34 
11.90 

1126 
12.27 
11.64 
8.72 
11-96 
12.41 
11.47 
10.30 
1222 
1124 
10.84 
10.98 
12.22 
1220 
12.14 
12.34 
10.58 
12.10 
12.40 
1125 

9614 
9615 
9616 
9617 
9618 
9619 
9620 
9621 
9622 
9623 
9624 
9625 
9626 
9627 
9628 
9629 
9630 
9631 
9632 
9633 
9634 
9635 
9636 
9637 
9638 
9639 
9640 
9641 
9642 
9643 
9644 
9645 
9646 
9647 
9648 
9649 
9650 
9651 
9652 
9653 
9654 
9655 
9800 
980 1 
9802 
9803 
9804 
9805 
9806 
9807 
9808 
9809 
9810 
981 I 
9812 
9813 
9814 
9815 
9816 
9817 
9818 
9819 

11.50 
12.06 
11.14 
11.08 
1 1.24 
10.93 
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SPATIAL DISTRIBUTION OF STARS I N  THE REGION 

WITH CENTER (a = 18h50m, 6 = +5') 

V. I. Voroshilov 

The paper  dea l s  with the  s t r u c t u r e  of t he  Milky Way 
i n  t h e  d i r e c t i o n  of t h e  S a g i t t a r i u s  s p i r a l  arm and wi th  
t h e  r e l a t i o n  between t h e  d i s t r i b u t i o n  of stars of d i f f e r e n t  
s p e c t r a l  types and t h e  d i s t r i b u t i o n  of dus t  and n e u t r a l  
hydrogen. A l l  t h e  0-B2 type stars de tec ted  are loca ted  i n  
a reg ion  wi th  a very low dens i ty  of absorbing matter and 
n e u t r a l  hydrogen. The B8-A5 and gF8-K5 type stars tend t o  
group i n  t h e  reg ion  of dus t  clouds.  For F and G dwarfs, 
t h i s  tendency is  s l i g h t .  

The s tudy  of star d i s t r i b u t i o n  i n  a d i r e c t i o n  perpen- 
d i c u l a r  t o  t h e  g a l a c t i c  p lane  shows t h a t  t h e  dens i ty  maxima 
of 0, B and A stars and l a t e  g i a n t s  do no t  coincide with t h i s  
plane.  

The paper g ives  a p a r t i a l  p i c t u r e  of t h e  s t r u c t u r e  of 
t h e  S a g i t t a r i u s  s p i r a l  arm i n  Aquila. I n  order  t o  obta in  
a more complete p i c t u r e ,  observat ions of stars t o  16m i n  
the  region of t h e  g a l a c t i c  equator  and southern l a t i t u d e s  
are necessary.  

The present  work i s  a cont inua t ion  of (Ref. 1 - 3) and dea ls  w i th  t h e  I 1 5 6  
study of t h e  s t r u c t u r e  of t h e  Mj-lky Way i n  t h e  c o n s t e l l a t i o n  of Aquila. About 
1700 stars from t h e  Catalog (Ref. 1) up t o  12m.5 with known s p e c t r a l  classes 
have been used t o  s tudy  the  i n t e r s t e l l a r  absorp t ion  i n  t h i s  region. This made 
i t  poss ib l e  t o  determine t r u e  d i s t ance  of t hese  stars, and t o  s tudy t h e i r  dis-  
t r i b u t i o n  i n  space.  The reg ion  s e l e c t e d  encompasses about 30 square degrees.  
Table 1 presen t s  da t a  on t h e  d i s t r i b u t i o n  of stars according t o  t h e i r  s p e c t r a l  
classes, and t h e  d i s t ance  l i m i t s  w i th in  which stars of a given s p e c t r a l  class 
can be ca l cu la t ed  t o  a s u f f i c i e n t  degree. 
divided e s s e n t i a l l y  on t h e  b a s i s  of t h e i r  l a r g e  co lor  excesses.  Such a d iv i -  
s i o n  [see, f o r  i n s t ance  (Ref. 5 ) l  i s  considered s u f f i c i e n t l y  r e l i a b l e .  

Giants  of l a te  s p e c t r a l  classes w e r e  

Distance moduli of 89 b r i g h t  stars,  f o r  which photographic magnitudes 1157 
w e r e  l ack ing ,  have been determined from photovisual  magnitudes a v a i l a b l e  -- 
a f t e r  tak ing  absorp t ion  i n t o  account -- and a l s o  from photographic magnitudes 
taken from AGK2. The r e s u l t s ,  obtained by both methods, coincide wi th in  t h e  
l i m i t s  of e r r o r .  The s p e c t r a  of some b r i g h t  s t a r s  w e r e  a l s o  taken from AGK2. 

StructuraT-Chargcteristics of th.e Region 

The apparent d i s t r i b u t i o n  of stars over t h e  region being s tud ied  i s  de- 
termined by both real v a r i a t i o n s  i n  star dens i ty  and t h e  d i s t r i b u t i o n  of t h e  
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TABLE 1 

0-B2 2300 
BS 13 10 

B8-A0 800 
A2-AS 700 
FO-F5 360 
dF8-G2 280 

dG5 200 
gF8-KS 800 

2500 1700 
1400 1100 
950 690 
660 670 
400 370 
2 8 0 2 6 0  
2 0 0 2 0 0  
970 700 

2100 
13CO 
830 
730 
380 
250 
200 
890 

2300 
1200 
880 
640 
420 
280 
200 
800 

2200 
1300 
850 
700 
380 
270 
200 
850 

58 
45 

294 
163 
180 
476 
125 
I 79 

absorbing m a t t e r .  I n  Table 2 ,  w e  p re sen t  schematical ly  t h e  apparent d i s t r i b u -  
t i o n  of stars ( the  n m b e r  of stars from a given s p e c t r a l  interval pe r  square 
degree).  It may be  seen t h a t . t h e  dens i ty  of ear ly- type stars inc reases  some- 
what toward t h e  per iphery of t h e  region. This appears t o  be a consequence of 
t h e  d i s t r i b u t i o n  of t h e  absorbing clouds and t h e  c h a r a c t e r i s t i c s  of t h e  s t e l l a r  
d i s t r i b u t i o n  of s t a r s  a s  a func t ion  of t h e  d i s t ance  from the  g a l a c t i c  plane.  

I n  (Ref. 3 )  it  w a s  a sce r t a ined  t h a t  t h e  densest  and c l o s e s t  clouds a r e  
concentrated i n  t h e  reg ion  of t h e  g a l a c t i c  equator  w i th in  k 2 O . 5  of t h e  g a l a c t i c  
l a t i t u d e .  Here, t he  absorbing matter begins a t  a d i s t ance  of 110-120 parsecs ,  
and extends t o  1000 pa r secs ,  f i l l i n g  almost a l l  t h e  space between t h e  s p i r a l  
arms of S a g i t t a r i u s  and Carina-Cygnus. A t  h igher  l a t i t u d e s  , t h e  absorbing 
matter begins a t  a d i s t ance  of 160-170 parsecs ,  and extends t o  a d i s t ance  
g r e a t e r  than 2000 parsecs .  Below t h e  g a l a c t i c  plane,  f o r  b < - 2 O . 5 ,  t h e  ab- 
sorb ing  clouds extend t o  LOO0 par secs ,  and beyond t h a t  po in t  a p r a c t i c a l l y  
completely t r anspa ren t  region begins .  A t  a s t i l l  h igher  nega t ive  g a l a c t i c  
l a t i t u d e ,  i n  a s e c t i o n  c lose  t o  t h e  region under i n v e s t i g a t i o n  ( 2  = 12",  h = 
= -7" ) ,  McCuskey (Ref. 13, 14) discovered an inc rease  i n  absorp t ion  a t  a d i s -  
t ance  of up t o  2500 parsecs  from t h e  Sun. This means t h a t  t h e  absorbing 
matter i n  t h e  region of t h e  S a g i t t a r i u s  s p i r a l  arm is  loca ted  a t  a d i s t ance  of 
about 300 parsecs  from i t s  a x i s  i n  t h e  d i r e c t i o n  of t he  southern g a l a c t i c  pole .  
The l a c k  of absorpt ion i n  the  region of t h e  axis of t h e  S a g i t t a r i u s  s p i r a l  a r m ,  
i n  t h e  d i r e c t i o n  toward t h e  region being inves t iga t ed  a t  d i s t ances  of 1500-3000 
parsecs  from t h e  Sun, has  been confirmed by t h e  i n v e s t i g a t i o n s  of I. I. Pronik 
(Ref. 6) and T.  A.  Uranova (Ref. 8). The s e l e c t i o n  of t h e  observa t iona l  m a t e r -  
i a l  (Ref. 4 ,  12) cannot change t h i s  conclusion. A l l  of t h e  s ta tements  p e r t a i n  
t o  t h e  region being inves t iga t ed ,  and do n o t  extend t o  t h e  entire S a g i t t a r i u s  
arm. 

Af te r  analyzing da ta  on t h e  s t r u c t u r e  of t h e  Carina-Cygnus s p i r a l  arm, /159 
I. I. Pronik (Ref. 7)  advanced a hypothesis  which s t i p u l a t e d  t h a t  t h e  arm is  
enc i r c l ed  on t h e  i n s i d e  by a system of dus t  clouds.  Its s t e l l a r  component is 
h ighly  developed, and predominates s i g n i f i c a n t l y  i n  terms of ''thickness'l over 
t h e  edge, which is  composed of dus t  on i t s  i n t e r i o r  s i d e .  She came t o  t h e  
fol lowing conclusion (Ref. 6 ) :  The i n t e r s t e l l a r  m a t t e r  forms a connecting 
l i n k  between t h e  neighboring arms of S a g i t t a r i u s  and Carina-Cygnus, i n  which 
ear ly- type stars are completely absent .  The r e s u l t s  of research  on t h e  
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TABLE 2 

- 
1 
4 
3 

6 
- 

- 
1 
4 
1 
1 
2 

- 
2 
2 
2 
2 
2 

1 

3 
2 
2 
2 
2 

2 
3 
4 
1 

3 
- 

- 
- 
1 
1 
2 
2 

2 
2 

1 
- 

- 
- 

2 
2 

1 
I 
I 

- 

2 
1 
2 
2 
1 
3 

1 
1 
4 
3 
1 
4 

4 3  
3 2  
4 5  
3 6  

10 1 
11 6 

12 1 1  
IO 2 
3 4  
6 5  
6 8  
8 3  

15 I 1  
12 3 
5 5  
8 3 

12 6 
7 4 

13 10 
14 9 
12 7 
14 3 
15 3 
8 4 

8 1 1  
14 14 
17 7 
18 4 
1 1  2 
1 1. 3 

In 
L 
0 
Ir. 
I 

8 
3 
6 
3 
2 
5 

13 
3 
7 
8 
8 
5 

9 
4 
5 
6 
7 
4 

7 
6 
6 
4 
6 
6 

8 
6 
9 
5 
5 
6 

I ?  
1 ;  . .  

12 
14 
1 1  
16 
16 
9 

21 
12 
18 
19 
30 
1 1  

19 
12 
18 
16 
20 
13 

17 
17 
19 
15 
11 
13 

16 
22 
20 
17 
I I  
11 

10 

% 

7 
5 
6 
6 
3 
3 

8 
4 
3 
5 
5 
4 

7 
3 
3 
3 
4 
3 

7 
3 
2 
1 
3 
5 

8 
4 
2 
2 
4 
2 

X 
I 
03 

2 
.__ 

5 
5 
6 
6 
3 
6 

3 
8 

12 
7 
9 
5 

8 
9 
8 
5 
8 
5 

8 
12 
6 
4 
6 
5 

4 
13 
8 
5 
5 
4 

In 
Y 

44 
14 
M 

I 

_ -  ~ 

3 
4 
3 
6 
2 
4 

4 
5 
2 
4 
4 
3 

5 
8 
4 
4 
4 
4 

10 
13 
8 
5 
5 
9 

14, 
14 
10 
7 
6 
5 

absorbing matter d i s t r i b u t i o n  i n  t h a t  region confirm t h i s  hypothesis .  However, 
i n  order  t o  determine t h e  i n t e r i o r  framing of t h e  S a g i t t a r i u s  s p i r a l  arm by t h e  
absorbing matter,  observat ions of f a i n t e r  stars are needed. 

On t h e  photographs of t h e  region being s tud ied ,  t h e  apparent dens i ty  of 
stars varies from 75 i n  t h e  region of t h e  g a l a c t i c  equator  t o  400 stars pe r  
square degree a t  l a t i t u d e s  g r e a t e r  than 22O.5. This  is mainly due t o  stars 
weaker than 12m. 5. With b r i g h t e r  stars, t h e r e  i s  considerably less v a r i a t i o n  
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i n  dens i ty .  

.- The Digtxib.u&ion-o.f S t a r s  According t o  neLr-Dj-stances From t h e  Sun 

Early- type  s ta rs .  One f e a t u r e  of t h e  d i s t r i b u t i o n  of t h e  0-B2 stars i n  
t h e  reg ion  being s tud ied  is t h e i r  complete absence between 0 and 1200 parsecs ,  
i.e., i n  t h e  region wi th  a high dens i ty  of absorbing matter. Almost a l l  t h e  
stars of t hese  classes may be  found a t  d i s t ances  ranging from 1200 t o  3000 par- 
secs, where the  l i n e  of s i g h t  i n t e r s e c t s  t h e  s p i r a l  arm i n  S a g i t t a r i u s  a t  an 
angle  of 45". 
(Ref. 3 ,  6,  8). A r e l a t i v e l y  l o w  concent ra t ion  of n e u t r a l  hydrogen, i n  t h e  
range from 0.05 t o  0.6 a t m / c m 2 ,  i s  a l s o  c h a r a c t e r i s t i c  of t h e  region (Ref. 15). 

The dens i ty  of absorbing m a t t e r  i s  very low i n  t h i s  region 

A t  p re sen t ,  many observa t iona l  da t a  have been accumulated i n d i c a t i n g  t h a t  
t h e  s p i r a l  arms, formed by ear ly- type s t a r s ,  do not  co inc ide  wi th  t h e  gaseous 
arm determined by r a d i o  observa t ions .  This f a c t  i s ,  apparent ly ,  of g r e a t  cos- 
mogonic importance, whose s i g n i f i c a n c e  i s  n o t  y e t  clear. 

Reddish (Ref. 17), a f t e r  comparing t h e  v a r i a t i o n  of t he  s p a t i a l  dens i ty  of 
ear ly- type stars (M < -4m.5; s p e c t r a l  classes 07 - 09) wi th  t h e  v a r i a t i o n  i n  
t h e  dens i ty  of n e u t r a l  hydrogen i n  M 3 1  -- based on t h e  d a t a  c i t e d  i n  (Ref. 10) 
-- discovered t h a t  t h e  s ta r  dens i ty  maxima decreased i n  t h e  i n t e r v a l s  between 
t h e  neighbsr ing gas dens i ty  m a x i m a .  H e  concluded from t h i s  t h a t  i n  a reg ion  /160 
with an increased  s ta r  dens i ty ,  t h e  process  of star formation had e s s e n t i a l l y  
ended, and l i t t l e  gas  remained. I n  regions wi th  a h igher  gas concent ra t ion ,  
t h e  c r i t i ca l  dens i ty  has  n o t  y e t  been reached, and t h e r e  a r e  r e l a t i v e l y  few 
b r i g h t  stars. 

I n  t h e  a r t ic le  (Ref. 19) an i n v e s t i g a t i o n  w a s  made of t h e  d i s t r i b u t i o n  of 
about 1160 0-B stars over t h e  whole range of g a l a c t i c  longi tudes.  It w a s  d i s -  
covered t h a t  these  s t a r s  are grouped i n  s p e c i f i c  d i r ec t ions .  The authors  are 
no t  convinced t h a t  t h i s  e f f e c t  i s  n o t  caused by t h e  s e l e c t i o n  of t h e  observa- 
t i o n a l  ma te r i a l .  According t o  (Ref. 15), a comparison of t h e  d i s t r i b u t i o n  of 
0-B stars with t h a t  of n e u t r a l  hydrogen shows t h a t  t he  voids i n  t h e  d i s t r i b u -  
t i o n  p a t t e r n  f o r  t hese  stars correspond q u a l i t a t i v e l y  t o  hydrogen arms. 

Baade (Ref. 9) showed t h a t  i n  t h e  M 3 1  s p i r a l  arms, t h e  relative number of 
h o t  stars inc reases  wi th  t h e  d i s t ance  from tho, nucleus,  whereas t h e  relative 
number of dus t  clouds decreases .  

Roessiger (Ref. 18) no te s  t h a t ,  i f  one assumes t h a t  t h e  hydrogen d i s t r i b u -  
t i o n  p a t t e r n  given i n  (Ref. 15) i s  r e l i a b l e ,  then t h e  star arms are d isp laced  
toward t h e  cen te r  of t h e  Galaxy by 300-500 parsecs  with respec t  t o  t h e  hydrogen 
arms. This is e s p e c i a l l y  no t i ceab le  wi th  t h e  external s p i r a l s .  The star and 
hydrogen arms could n o t  have been separa ted  by such a d i s t ance  during t h e  ex is -  
tence  of t h e  h o t  stars -- lo6  years .  
combined when these  stars w e r e  formed. Such a conclusion con t r ad ic t s  t h e  hypo- 
t h e s i s  of s tar  formation from hydrogen, i f  oneassumes t h a t  hydrogen w a s  
completely used up a t  t h e  loca t ions  where they w e r e  formed. 

Consequently, they could n o t  have been 

From t h e s e  examples, t h e  cosmogonic importance of a f u r t h e r  accumulation 
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of da t a  on the relative d i s t r i b u t i o n  of h o t  star groups and masses of inter- 
s te l lar  m a t t e r  i s  c l e a r l y  apparent.  The d a t a  on t h e  d i s t r i b u t i o n  of the 0-B2 
stars, obtained i n  t h e  p re sen t  work, agree wi th  t h e  r e s u l t s  of the articles 
c i t e d .  

The B5 - B 7  stars are found between 400 t o  1500 parsecs .  I n  this in t e rva l ,  
our a t t e n t i o n  i s  drawn t o  a po r t ion  wi th  an increased  star dens i ty  a t  t h e  d is -  
t ance  of about 1000 parsecs .  Data on t h e  d i s t r i b u t i o n  of ear ly- type stars are 
given i n  Table 3. 
g a t o r s ,  t h e  s p a t i a l  d e n s i t i e s  are expressed i n  terms of t h e  number of stars 
pe r  1000 parsec3. 

To f a c i l i t a t e  a comparison wi th  t h e  d a t a  of o the r  i n v e s t i -  

TABLE 3 
_ _  .. 

0-B2 I B5 

0-1200 0 0.0 400- 500 1 0.4 1OOO-I100 8 8 0  
120(r-1500 5 10.3 !NO- 600 1 0.4 1100-1200 4 33 
1500-2000 14 10.5 600- 700 1 0.3 1200-1300 2 1-4 
2000-2500 19 8.4 7 0 0 -  800 1 02  1300-14W 1 0.6 
~ - 3 o o o  16 5.1 800- 900 4 6.1 
3ooo--4oO0 4 0.8 9oo-lo0o 10 121 

The B8 - G5 stars and Late Giants. I n  t h s  a r t ic le  (Ref. 3) t h e  region 
being inves t iga t ed  i s  divided i n t o  s i x  po r t ions  wi th  homogeneous absorpt ion.  
I n  order  t o  c l a r i f y  t h e  dependence between t h e  d i s t r i b u t i o n  of t h e  B 8  - G5, 
gF8 - K5 stars, and t h a t  of absorbing matter, t h e  s tar  d i s t r i b u t i o n  w a s  s tud ied  
sepa ra t e ly  i n  each of  t h e  ind ica t ed  s i x  po r t ions .  
t h e  regions i n  which t h e  0 - B2, B 3  - B 7 ,  B 8  - AO, etc . ,  stars which may be  
r e a d i l y  observed a r e  loca ted .  

/161 

There are no gaps between 

The s p a t i a l  d e n s i t i e s  w e r e  ca l cu la t ed  by counting t h e  s t a r s  i n  po r t ions  
of space every 100 parsecs .  
according t o  (Ref. 14 ) .  To c a l c u l a t e  i t ,  a co r rec t ion  w a s  introduced i n  t h e  
absolu te  magnitude obtained as t h e  average f o r  a given s p e c t r a l  i n t e r v a l  

Dispersion o of t h e  absolu te  magnitudes w a s  taken 

(Ref. 11): 

The d i s t ance  of s t a r  groups and t h e  s p a t i a l  d e n s i t i e s  must be  ca l cu la t ed  by 
using t h e  ad jus ted  abso lu te  magnitude Mo. 

Table 4 gives  t h e  number of stars i n  t h e  corresponding d i s t ance  i n t e r v a l s ,  
t h e  d e n s i t i e s  of absorbing m a t t e r  i n  s t e l l a r  magnitudes p e r  1 kpc, and t h e  
s p a t i a l  s tar  d e n s i t i e s  pe r  1000 pc3, as w e l l  as t h e  t o t a l  number of stars and 
the average d e n s i t i e s  f o r  t h e  whole region.  
along t h e  l i n e  of s i g h t  i n  a very nonuniform manner. 
gram showing the d i s t r i b u t i o n  of absorbing clouds and t h e  maxima of t h e  s p a t i a l  

The B 8  - A5 stars are d i s t r i b u t e d  
Figure 1 presen t s  a dia- 
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TABLE 4 1162 

I ' I  

n 

0-100 - 0.0 - 
loo-200 - 
200-300 2 
300-400 6 
400-500 - 
600-600 I 
600-700 I 
700-800 8 
800-900 2 
900- IO00 - 
1000--1 loo- 

- 
3.8 - - 
3.8 0.19 I 

16.0 0.24 4 
0.6 - ' 3  
0.5 0.02 4 
0.6 0.02 3 

12.6 0.07 6 
12.6 0.03 2 
0.0 - 8 
0.0 - 2 

0-IO0 - . p.0 - - 
100-200 1 3.8 0.26. - 
200-300 4 3.8 0.37 - 

4300-400 6. 16.0 0.28 7 
OO*-600 I 0.6 0.03' 4 
600-600 2 0.6 0.04 7 
600-700 1 0.6 0:Ol 6 
700-800 4 12.6 0.@4 2 
800-900 1 12.6 0.01 - 
0--100 1 0.0 1.75 3 

100-200 . 5 3.8 1.26 2 
200-300 8 3.8 0.74 7 
300-400 I I  16.0 0.62 4 
400-600 3 0.6 0.09 4 
600-600 1 0.6 0.02 I 

0-100 9 0.0 16.76 6 
100-200 32 3.8 8.00 14 
2Op-300 40 3.8 4.42 25 

0-100 6 0.0 10.50' 2 
100-200 29 3.8 7.26 I 6  
200-300 I 3.8 0.92 I 

0.0 - - 0.0 - 
0.0 - 1 4.0 0.24 
3.8 0.23 3 4.0 0.23 
3.6 0.48 I 0.8 0.04 
3.6 0.36 5 0.8 0.14 
3.6 0.20 12 11.9 0.22 
0.8 0.1 I 6 0.0 0.08 
0.8 0.13 6 0.0 0.06 
2.6 0.04 13 8.4 0.10 
6.0 0.13 13 8.4 0.08 
2.9 0.03 - 0.2 - 

- - 
4 
3 
4 
I 

15 
2 
c 

c 

e 

00 - 
0.0 - 
3.8 - 
3.6 0.84 

3.8 0.29 
3.6 0.34 
0.8 0.21 
0.8 0.05 
2.6 - 

0.0 13.34 
0.0 1.27 
3.8 1',64 
3.6 0.48 
3.6 0.29 
3.6 0.05 

0.0 22.23 
0.0 ' 8.69. 
3.8 6.85 

0.0 8.89 
0,'O 10.16 
3.8 0.23 

0.0 
6.8 
6.8 
0.4 
0.4 
0.4 

26.4 
25.4 
0.8 
0.8 
0.8 

- - 
0.63 
0.20 
0.16 
0.03 
0.30 
0.03 

0.01 
- 

- 0.0 - - 0.0 - 5.8 - - 6.0 
6 6.8 0-24 - 6.5 
3 0.3 0.07 1 1.0 
IO 0.3 0.10 2 14.4 
12 0.3 Oil2 2 0.8 
17 6.7 0.12 4 0.8 
42 6.7 0.23 7 4.6 
41 6.7 0.17 3 4.6 
2 0.8 0.01 - 4.5 - 0.8 - - 4.6 

A2-AS 

- 0.0 - 2 0.0 0.94 - 4.0 - 1 6.8 0.94 
6 4.0 0.38 3 6.8 0.40 

4 0.8 0 18 I 0.4 0.07 
6 0.8 0.16 2 0.4 0.08 

12 11.90.22 4 0.40.11 
3 0.0 0.04 2 26.4 004 
1 0.0 0.01 - 26.4 - 
2 8.4 0.01 - 0.8 - 

FO- F6 
0.0 - I 0.0 2.62 

IO 4.0 2.37 6 6.8 1.80 
13 4.0 0.98 13 6.8 1.72 

7 0.8 0.19 I 0.4 0.04 
4 0.8 0.18 - 0.4 - 
- 11.9 - - 0.4 - 

dF8-42 

I 0.0 1.66 ' 6  0.0 12.58 
26 4.0 6.17 25 6.8 8.99 
67 4.0 4.31 40 6.8 6.30 

dG6 
- 0.0 - I 0.0 2.62 
10 4.0 2.37 9 6.8 3.24 
6 4.0 0.38 3 6.8 0.40 

- 0.0 - - 
2 6.8 0.26 I 
1 I 6.8 0.63 - 
6 0.3 0.16 2 

11 0.3 0.16 4 
9 0.9 0.09 1 

I I  6.7 0.08 - 
6 6.7 0.03 - 
-6-7 - - 

3 0.0 2.74 I 
16 6.8 2109 2 
28 6.8 1.36 - 
6 0.3 0.12 - 
6 0.3 007 3 
1 0.3 0.01 - 

9 0;o 8.22 3 
81 6.8 10.67 14 
81 6.8 3.89 8 

4 0.0 3.66 - , 
3 5.8 0.14 - ,  

17 6.8 2.22 3 

- - - 
0.18 
0.22 
0.16 
0.2 I 
0.28 
0.09 - - 

- 
i 

15 
18 
24 
32 
46 
69 
69 
23 
2 

- 
0.06 
0.30 
0.16 
0.13 
0.12 
0.12 
0.13 
0.09 
0.03 
0.02 

0.0 0.26 2 0.66 
6.0 0.26 6 0.23 
6.5 0.26 23 0.46 
1.0 0.36 26 0.23 

14.4 0.44 28 0.15 
0.8 0.07 36 0.13 
0.8 - 23 0.06 
4.5 - 12 0.02 
4.5 - 2 0.01 

0.0 6.68 9 2.96 
6.0 1.91 40 1.88 
6.5 - 69 1-33 
1.0 - 24 0.21 

14.4 0.33' 23 0.12 
0.8 - 3 0.01 

0.0 20.05 32 10.53 
6.0 13.37 192 9.02 
6.5 , 2.81 269 6.23 

1163 

0.0 - 13 4.28. 
6.0 2.86 84 3.95 : 
5.6 , - 13 0.26 
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(Continuation of TABLE 4) 

0-100 - 0.0 
100-200 - 3.8 
200-300 '1. 3.8 , 

300-400 8 16.0 
400-600 - ' 0.6 

' M)0--600 6 0.5 
600-700 ' 6. 0.6 
700--800 6 12.6 , 
800--900 - 12.6 
800--1OW - 12.8 

- :: - 0.0 - 4 - 0.a 
0.09 - 3.8 
0.38 1 3.6 

6 3.6 
5 0  6 3.6 
0.07 8 0.8 
0.06 9 0.8 - 2 2.6 - 2 5.0 

. -  - - 
0.12 
0.36 
0.24 
0.18 
0.23 
0.04 
0.03 

-. 0.0 - -. - 4.0 - - 
1 4.0 0.08 '- - 0.8 e - 
5 0.8 0.14 '2 , 
16 11.9 0.29 - 
5 0.0 0.07 4 
6 0.0 0.06 - 
2 8.4 0.02 - 
1 8.4 0.01 - 

0.0 - - 0.0 - '  

6.8 - - 6.8 - 
6.8 - 1 8.8 0.06 
0.4 - 9 0.3 0.22 
0.4 0,08 7 0.3 0.10 
0.4 - I4 0.3 0.14 
26.4 0.08 I9 6.7 0.14 
25.4 - - 6.7. - 
0.8 - J 6.7 0.01 
0.8 - It- 0.8 - 

- 0,o - 6.0 - 5.6 
I I .o 
0 14.4 

, 2 0,8 - 0.8 

I 1 4.6 4.6 - .4b 

- - -  
-.3 3 0.06 - 18 0.16 
0.66 21, 0.13 
0.15 42 0.15 - 38 O,Il1 
0.04 21 0.04 - 8 0.01 - . 3 0.01 

star  d e n s i t i e s  f o r  each of t h e  s i x  por t ions .  The clouds are represented by 
bands; t h e  dens i ty  m a x i m a  of t h e  B 8  - A0 stars -- by open circles; dens i ty  
maxima of the A2 - A5 stars -- by s o l i d  circles; and dens i ty  m a x i m a  of t h e  
gF8 - K5 stars -- by t r i a n g l e s .  Out of 24 dens i ty  maxima of B8 - A5 stars and 
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8 dens i ty  m a x i m a  of t h e  gF8 - K5 stars, 
Por t  ions  20 and 6,  r e spec t ive ly ,  are loca ted  i n  

t h e  dus t  clouds.  The f a c t  t h a t  t h e  
B 8  - A5 and gF8 - K5 s tar  groupings 
are predominantly loca t ed  i n  dus t  - clouds apparent ly  cannot be  consider- 
ed acc iden ta l ,  s i n c e  t h e  l a t te r  occupy 
only 58% of t h e  region being i n v e s t i -  
gated.  Schaefer (Ref. 20), when 
s tudying t h e  regions R = +24", b = 
= -loo, O o ,  +loo,  a l s o  discovered a 
tendency of t h e  A0 - A44 stars and l a t e  
g i a n t s  t o  group i n  t h e  d u s t  c louds.  
Ramberg (Ref. 16)  de tec ted  "clouds 
composed of dus t  and stars" i n  t h e  re- 

-I gion of Lacerta. According t o  t h e  re- 
s u l t s  of h i s  i nves t iga t ion ,  t he  star 
dens i ty  inc reases  i n  dus t  clouds. 

a 200 400 600 800 loo0 r , p c  

Figure 1 
The tendency t o  group is  less 

apparent  with t h e  FO - G5 dwarfs (see 
Table 4 ) .  
t ance  n o t  g r e a t e r  than 50 - 100 parsecs ;  t he re fo re ,  one may n o t  draw any con- 
c lus ions  wi th  r e spec t  t o  t h e s e  stars. 

The dG8 - K dwarfs can b e  ca l cu la t ed  completely only up t o  a d is -  

I n  t h e  de r iva t ion  and u t i l i z a t i o n  of formula (1) f o r  t h e  computation of 
d i spers ion ,  i t  is assumed t h a t  t h e  luminosi ty  func t ion  i s  of a d e f i n i t e  ex- 
ponen t i a l  form, and is app l i cab le  t o  t h e  e n t i r e  region under inves t iga t ion .  
However, t h e  f a c t  t h a t  t h e  tendency t o  group i n  dus t  clouds i s  manifested t o  a 
d i f f e r e n t  degree with stars of d i f f e r e n t  classes may l ead  t o  a d i f f e rence  be- 
tween t h e  luminosi ty  func t ions  f o r  a space occupied by clouds,  and f o r  a space 
f r e e  from absorbing matter. It is  impossible  t o  determine such a d i f f e rence  
on t h e  b a s i s  of t h e  p re sen t  work, s i n c e  no t  a l l  t h e  star classes are accessi- 
b l e  t o  observat ion a t  s u f f i c i e n t l y  l a r g e  d is tances .  
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____ D i s t r i b u t i o n  _- of Star-s-Accor-ding t o  Their  Distances From 
the Plane  of t h e  Galactic Equator- 

I n  s t u d i e s  on t h e  d i s t r i b u t i o n  of stars according t o  t h e i r  d i s t ances  from 
t h e  symmetry p lane  of t h e  Galaxy, the s t a r s  have been ca lcu la ted  over d e f i n i t e  
areas i n  space every 5 parsecs  of t h e  d i s t ance  from t h i s  plane.  The d i s t ance  
of the Sun from it, zo, w a s  taken as 13.5 pc. Dispersion of t h e  absolu te  mag- 

n i tude  w a s  taken i n t o  account according t o  (Ref. 14). Calcula t ion  of disper-  
s i o n  i s  equiva len t  t o  a c e r t a i n  change i n  t h e  d i s t ance  of a star group from the 
e q u a t o r i a l  plane.  The cor rec ted  d i s t ance  z i s  r e l a t e d  t o  t h e  d i s t ance  no t  
cor rec ted ,  z' by the formula 

e &--to dA(&) Ig (Z-zJ'lg (<-2.) -t - * 
10.86 A(*) dz' 

Figures  2 - 4 show t h e  r e s u l t s  der ived from c a l c u l a t i n g  dens i ty  as a func t ion  
of t h e  z-coordinate f o r  stars of var ious  s p e c t r a l  classes ( i n  Figure 3: 0-0 -- 
B 8  - AO, 0-0 -- A2 - A5, X-x -- gF8 - K5) 

160 . 
I4U . 

120 - 

0.100 - 
eo - 
€0 
4 7  - 

0. GPO . 
0 -  

- 

L._ .L 

-40 -30 

Figure 2 Figure 3 

The q u a n t i t i y  z is  p l o t t e d  along t h e  absc i s sa  i n  s a r s e c s ;  along t h e  o rd ina te  -- 
t h e  d e n s i t i e s ,  i n  the  number o f  stars pe r  1000 pc . For t h e  0 - B 5  stars, 
t h e r e  are two dens i ty  maxima: a t  t h e  d i s t ance  40 - 50 pc  south,  and 30 - 40 pc  
no r th ,  of t h e  e q u a t o r i a l  plane.  A t  z = 0 t h e r e  i s  a dens i ty  minimum. This 
may be  a consequence of both  a real grouping of these  stars,  and t h e  f a c t  t h a t  
i n  t h e  region of t he  equator  t h e r e  is a concent ra t ion  of t h e  denses t  absorbing 1166 
clouds.  I n  t h e  la t ter  case, one may assume t h a t  a t  low g a l a c t i c  l a t i t u d e s ,  t h e  
0 - B5 stars w e r e  n o t  taken completely i n t o  account. I n  t h e  case  of observa- 
t i o n s  with more powerful instruments ,  t h i s  minimum may be f i l l e d  by f a i n t e r  
stars.  

For t h e  B 8  - AS stars and la te  g i a n t s ,  t h e r e  are dens i ty  maxima a t  t h e  
d i s t ance  of 35 - 40 pc no r th  from t h e  g a l a c t i c  plane.  
from t h i s  po in t ,  t h e  dens i ty  inc reases .  W e  could no t  determine whether 
t h e r e  is a dens i ty  m a x i m u m  south  of t h e  e q u a t o r i a l  p lane  f o r  t hese  stars, 
s i n c e  t h e  B8 - A5 stars wi th  z = -35 pc and more do not  occur i n  t h e  reg ion  
being inves t iga t ed .  

I n b o t h  d i r e c t i o n s  away 
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6 For t h e  dwarfs of the F and G 
classes, the dens i ty  maximum i s  a t  t h e  
d i s t ance  z = +15 pc,  Obviously, t h e  
d i s t r i b u t i o n  of stars of t hese  classes 
d i f f e r s  from t h e  d i s t r i b u t i o n  of earlier 
type stars of t h e  main sequence and t h a t  
of t h e  la te  g i a n t s .  

-- 

* * *  

The s tudy  of t h e  s p a t i a l  d i s t r i b u -  
h m  t i o n  of stars i n  t h e  region c1 = 18 50 , 

6 = +5' makes i t  poss ib l e  t o  draw t h e  
fol lowing conclusions : 

Figure 4 

1. The ear ly- type 0 - B2 stars are found a t  d i s t ances  of 1200 - 3000 pc. 
The s p i r a l  arm of S a t i t t a r i u s  passes  a t  t h a t  d i s tance .  
t hese  d i s t ances  i s  p r a c t i c a l l y  absent .  

Absorbing matter a t  

2. B 8  - A5 stars and la te  g i a n t s  are t r aced  t o  a d i s t ance  of 800 - 900 p c  
They e x h i b i t  a tendency t o  group i n  dust  clouds.  
d i r e c t l y  connected with t h e  po r t ions  of a s te l la r  f i e l d  having an increased 
dens i ty .  

Apparently, t he  l a t t e r  are 

3. For F and G dwarfs,  t h e  tendence t o  group is only s l i g h t l y  manifested.  

4 .  The regions of t h e  maximum star dens i ty  do no t  coincide wi th  t h e  p lane  
of t h e  g a l a c t i c  equator .  
t h e  d i s t ances  z = +35 pc and z = -45 pc. 
t h e  dens i ty  m a x i m u m  i s  a t  t h e  d i s t ance  z = + 35 pc. W e  d i d  no t  succeed i n  
discovering a second maximum f o r  t hese  stars, s i n c e  stars of t hese  classes 
with z = -30 pc and more do n o t  occur i n  t h e  region under inves t iga t ion .  

For 0 - B5 stars t h e  dens i ty  m a x i m a  are loca ted  a t  
For B8 - A5 stars and la te  g i a n t s ,  

I 1 6 7  

There is a dens i ty  maximum f o r  FO - G2 dwarfs a t  t h e  d i s t ance  z = +15 pc. 
Apparently,  t h e  s p a t i a l  d i s t r i b u t i o n  of t hese  stars d i f f e r s  from t h e  d i s t r i b u -  
t i o n  of earlier type stars of t h e  main sequence and l a t e  g i an t s .  

5. The r e s u l t s  obtained g ive  a prel iminary i d e a  of t h e  s t r u c t u r e  of t h e  

I n  order  t o  ob ta in  a more complete p i c t u r e ,  a d d i t i o n a l  
S a g i t t a r i u s  s p i r a l  arm, and a po r t ion  of t h e  neighboring s e c t i o n  i n  t h e  region 
under inves t iga t ion .  
observat ions of 15 - 16m stars i n  t h e  region of t h e  g a l a c t i c  equator  and 
negat ive  g a l a c t i c  l a t i t u d e s  are necessary.  
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THE MILKY WAY IN THE CONSTELLATION AQUILA 

G. L. Fedorchenko 

In the article the results are given of a study of 
the Milky Way in the Rift. 
the basis of magnitudes and spectra of stars up to 
12m.0-12m.5. 
used. The author discusses the special features of dust 
and stellar components, their connection with one another 
and with neutral hydrogen. 

The study was performed on 

The results of other investigations are 

The link, consisting of early-type stars and dust 
clouds between the Carina-Cygnus and Sagittarius arms, is 
absent in longitudes -- 340"-20°, which is the main feature 
of the investigated galactic region. 

Some considerations are given as to the position of 
the Sagittarius arm in the Northern sky. 

This article summarizes the work performed by the author, which in- 
vestigates the galactic structure on the basis of the photometric data and 
spectra of stars up to 12.0-12m.5. 
and stellar components in the "fork" of the Milky Way made it possible to form 
a concept of the structural characteristics of the region of the Galaxy, 
corresponding to longitudes 12-22". 
obtained and the results of other investigations of a similar character in the 
neighboring regions, we may study the structure of a more extensive region in 
the internal section of the Galaxy. 

I 1 6 9  

The investigation by the author of the dust 

Moreover, on the basis of the data 

The principal features of the galactic region being studied are the 
following: 

1. The directions 12-22" at short distances (up to 1500-2000 pc) in- 
tersect the space between the spiral arms in Carina-Cygnus and Sagittarius. 

2. At longer distances (up to 8000 pc) these directions pass through 
the interior of the hydrogen arm in Sagittarius. 

3. The region being investigated is located in the "fork" in the Milky 
Way, which is formed by dust clouds situated at short distances from each 
other. 

4. The longitudinal region 12-22" is a region "which is avoided by" the 
objects of stellar Population I (0 and B stars, galactic star clusters, and 
stellar associations). 
of the Sagittarius arm. 

This fact is used in determining the northern boundary 

Until very recently, the galactic structure in the directions indicated 
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has hardly been investigated. 
distribution of dust matter and the stellar components. 
to determine the structure of the Galaxy between the arms in Carina-Cygnus and 
Sagittarius, to explain the apparent pattern of star distribution, and to 
obtain additional data on the structure of the Sagittarius arm. 

Our aim was to investigate in detail the 
This would allow us 

/170 

- Dust Component 

The pattern of the distribution of dust was obtained on the basis 
of interstellar absorption in the four regions -- A ,  By C, and D -- whose 
arrangement is shown in Figure 1. 

k 

Figure 1 Figure 2 

Absorption i n  Regions A and B.  The factual information, procedure and 
results of the study of the interstellar absorption in regions A and B ,  are 
contained in (Ref. 2, 7-10). We have made use of the average pattern of 
absorption in these regions. The corresponding portions with the same 
absorption are shown in Figure 2; the absorption curves for them are shown in 
Figure 3 .  

Absorption i n  Regions C and D. The regions C and D have been investigated 
by the Polish astronomers (the observatory in Toruli) G. Iwaniszewski (Ref. 
16) and C. Iwaniszewska (Ref. 15). At first, we planned to take advantage 
of these authors' results when studying the structure of the "fork" in the 
Milky Way, because their regions are adjacent to our A and B regions, and 
they partially overlap. However, a comparison of our absorption curves with 
those from Torufi revealed that they differ considerably. 
for instance, in comparing the color excess curves in the regions I1 and I11 
of G. Iwaniszewski with the curve especially calculated from our data for the 
overlappiTg-pwtions (Figure 4 ) .  The differences in the excesses amounted to 
Om.25, which amounts to lm.O in absorption. 
Iwaniszewska's region and portion 1 of our B region also differ considerably. 

This was discovered, 

The curves for portion 5 of C. /171 

We attempted to find the reason for the discrepancies described, and 
discovered that there were systematic errors in the photometric series of C. 
Iwaniszewska and G .  Iwaniszewski. Nevertheless, in order to obtain reliable 
data on the absorption in the regions indicated, we investigated the 
absorption in them, making use of the initial data only -- magnitudes and 
spectra -- from (Ref. 15) and (Ref. 16). 
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Figure 3 

First of all, we compared the 
spectra and magnitudes in the regions 
C and D with other determinations. It 
follows from the comparison of the 
spectral estimates with the estimates 
of the HD catalog that in the Torufi 
spectral classification there are no 
noticeable systematic errors. The 
best agreement between the classifica- 
tions may be noted for the B8 - A2 
stars. 

The situation is different in the 
case of stellar magnitudes. Thus, the 
comparison of G .  Iwaniszewski and G. 
Iwaniszewska's photographic magnitudes 
with ours in the B region (Figure 5, a, 
dots) reveals substantial discrepancies. 
In all likelihood, the reason for this 
is the fact that in the magnitudes, 
obtained by relating the stars to the 
KSA 87 Region, C. Iwaniszewska and 
G .  Iwaniszewski introduced incorrect 
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corrections for the reduction to the system of the Northern polar series. This 
is confirmed by the good agreement between the initial, uncorrected photographic 
magnitudes from the catalogs in question (Ref. 13), and our determinations 
(Figure 5, a, crosses). 

Figure 4 

When comparing the photovisual magnitudes from the Torufi catalog with 
our determinations in the B regions, discrepancies were also found, although 
they were somewhat smaller than those for the photographic magnitudes 
(Figure 5b). 

To make the corrections to the stellar magnitudes in the C and D regions 1173 
more precise, we studied the dependence of the color indices on the brightness 
for the non-reddened stars of a definite subclass. A s  a result, for the C 
region (of G .  Iwaniszewski) we did not discover any noticeable error in the 
color index scale in the photographic magnitude interval from 10 to 13m. 
The error in the null points of the indices was Om.20. In the photographic 
magnitudes of G.  Iwaniszewski (see Figure 5 ) ,  however, one should introduce 
a correction for the null point, equal to Om.50. For the D region (of 
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C. Iwaniszewska) i t  has  been e s t ab l i shed  t h a t ,  i n  t h e  case of t h e  photographic 
magnitudes which w e r e  n o t  cor rec ted  by C. Iwaniszewska f o r  t h e  n u l l  po in t  and 
t h e  scale (Ref. 13), an e r r o r  i n  t h e  co lo r  exponent scale w a s  found only f o r  
t h e  stars with m < gm.5, and the  e r r o r  i n  t h e  n u l l  po in t  w a s  equa l  t o  -Om.14. 

Af t e r  introducing t h e  co r rec t ions  ind ica t ed ,  w e  employed t h e  normal Allen 
Pg 

index. For g r e a t e r  r e l i a b i l i t y ,  t he  absorpt ion w a s  ca lcu la ted .  from t h e  B8-A2 
stars, whose s p e c t r a  are t h e  most p rec i se .  

The d iv i s ion  (d iv i s ion  i n t o  po r t ions  with i d e n t i c a l  absorpt ion)  of t h e  C 
and D regions w a s  based on t h e  form of t h e  co lo r  excess  curves versus  d i s t ance  
modulus curves. The d iv i s ion  proved t o  be e n t i r e l y  d i f f e r e n t  from t h e  one 
obtained by t h e  Torufi astronomers. Figure 6 shows both vers ions  of t h e  d iv i -  
s i o n  (heavy l i n e  denotes our  vers ion) .  This d i f f e rence  may serve as s t i l l  
another  proof t h a t  t h e d i v i s i o n  based on t h e  form of t h e  Milky Way is unaccep- 
t a b l e .  

E 
The r e s u l t s  der ived from studying 

t h e  behavior of CE wi th  m - M, i n  separ- 
ate por t ions  of t h e  C and D regions,  
are presented i n  Figure 7. The t o t a l  
absorp t ion  curves,  ca l cu la t ed  f o r  
y = 4, are given i n  Figure 8. 

W e  then compared t h e  absorp t ion  
curves i n  t h e  ad jacent  and overlapping 

Figure 6 por t ions  of t h e  A, B ,  C,  and D regions.  
I n  Figure 9a, we  compare t h e  color 
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Figure 7 

excess curves f o r  p o r t i o n  1 of Region A and p o r t i o n  1 of region B. 
tudes of the  absorpt ion i n  these  po r t ions ,  which are contiguous t o  t h e  g a l a c t i c  
equator ,  are almost i d e n t i c a l .  
f o r  po r t ion  2 of region C and p o r t i o n  1 of region B. The curves i n  these  over- 
lapping po r t ions  coincide very w e l l .  
po r t ion  2 of region B a r e  compared. 
so rp t ion  i s  somewhat more no t i ceab le  than i n  Figure 9b. 

The magni- 

I n  Figure 9b, we  compare t h e  absorption curves 

I n  Figure 9c, po r t ion  3 of region D and 
The d i f f e r e n c e  i n  the  n a t u r e  of the  ab- /174 - 

Therefore, one may assume t h a t  t h e  r e s u l t s  derived from analyzing t h e  
regions under i n v e s t i g a t i o n  agree q u i t e  w e l l .  

Discussion of the results obtained by studying absoqtion i n  the Mi lky  
Ww rrforkrr. The following i t e m s  w e r e  employed i n  t h e  a n a l y s i s  of absorpt ion 
i n  t h e  Milky Way "fork": the  author 's  s t u d i e s  of t h e  A, B, C, and D regions,  
the  i n v e s t i g a t i o n  by S. McCuskey i n  the  LF regions (Refs. 17 ,  18), d a t a  on the  
i n t e r s t e l l a r  absorpt ion,  obtained by H. Weaver (Ref. 20) f o r  t h e  d i r e c t i o n  
2 = 100, t h e  r e s u l t s  of the  study by I. I. Pronik (Ref. 5) f o r  the  d i r e c t i o n  
2 = 3430,  V . I .  Voroshilov's i n v e s t i g a t i o n  (Ref. 3) f o r  t h e  d i r e c t i o n  Z = 50, 
and the  study by S. Apriamashvili i n  two regions f o r  t h e  d i r e c t i o n s  Z = 356 
and 40.5 (Ref. 1). 

As a r e s u l t  of t h e  i n v e s t i g a t i o n  of t h e  A, B,  C ,  D regions,  w e  e s t ab l i shed / l75  
t h e  f a c t  t h a t  absorpt ion i s  anomalously high a t  longi tudes 12-220. 
d i r e c t i o n s ,  we  discovered absorpt ion with a c o e f f i c i e n t  of 2.5-4m.0 p e r  kpc 
wi th in  t h e  n e a r e s t  ki loparsec.  

I n  these  

It is  i n t e r e s t i n g  t o  no te  t h a t  nowhere i n  t h e  
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Figure 8 

nor thern  po r t ion  of t h e  Milky Way is t h e r e  such s t rong  absorp t ion  a t  s h o r t  
d i s t ances  as a t  longi tudes 340-25". Thus, according t o  t h e  d a t a  by S. McCuskey 
(Ref. 18), t h e  m a x i m u m  absorp t ion  i n  t h e  long i tud ina l  range 33-182" amounts t o  
2m.3 (regions LF 6 ) ,  and t h e  average absorp t ion  over a l l  LF regions i s  about 
1m. 

Since .the regions which w e  have inves t iga t ed  cover a l a r g e  range of 
g a l a c t i c  l a t i t u d e s  (from +6 t o  - 6 " ) ,  w e  may examine t h e  ques t ion  of dus t  
d i s t r i b u t i o n  wi th  r e spec t  t o  t h e  g a l a c t i c  plane.  
t h e  regions,  s i t u a t e d  symmetrically wi th  r e spec t  t o  t h e  g a l a c t i c  equator ,  
d i f f e r  considerably.  Thus, below t h e  equator ,  region 1 (B), corresponding t o  
t h e  darker  po r t ion  of t h e  "fork", i s  charac te r ized  by a more i n t e n s i v e  increase 
i n  absorp t ion  up t o  400 pc,  than reg ion  1 (A) above t h e  equator .  The behavior 
of absorp t ion  i s  a l s o  somewhat d i f f e r e n t  i n  t h e  regions wi th  average l a t i t u d e s  
+3.5 and -3O.5. 
c o e f f i c i e n t s  with l a t i t u d e  is almost symmetrical (Ref. l o ) .  

The absorp t ion  curves f o r  

A t  t h e  same t i m e ,  t h e  d i s t r i b u t i o n  of t h e  average absorp t ion  

Examining t h e  absorp t ion  curves f o r  t h e  regions i n  ques t ion  and comparing 
them wi th  t h e  curves f o r  t h e  region of H. Weaver (2  = l o " ) ,  and t h a t  of V. I. 
Voroshilov (2  = 5" ) ,  one can n o t i c e  almost i d e n t i c a l  absorp t ion  behavior  i n  
these  d i r e c t i o n s  (Figure l o ) ,  i n  s p i t e  of t h e  f a c t  t h a t  t h e  d i r e c t i o n s  con- 
s ide rab ly  d i f f e r  from each o the r  i n  longi tude.  
behavior i s  exhib i ted  by t h e  curves f o r  regions C (po r t ion  2) and D ( intermedi- 
ate curve f o r  t h e  e n t i r e  reg ion) ,  and reg ion  A (por t ion  1). Such a phenomenon 
can only be explained by t h e  f a c t  that t h e r e  i s  an extended c l u s t e r  of dus t  
nebulae,  which i s  i n t e r s e c t e d  by t h e  d i r e c t i o n s  ind ica t ed  and which is charac- 
t e r i z e d  by almost i d e n t i c a l  absorp t ion  i n  these  d i r ec t ions .  
b e  p o s i t i v e l y  t r aced  from 0 t o  22" longi tude  w i t h  a s m a l l  gap around 13-14O. 
Absorption i n  t h e  region of I. I. Pronik (2 = 343"), however, i s  very "mottled" 
and, apparent ly ,  cannot be  a t t r i b u t e d  t o  t h e  c l u s t e r  ind ica ted .  

The same absorp t ion  inc rease  

The c l u s t e r  can 

/176 

As may be seen from Figure 10, t h e  absorp t ion  begins  i n  t h e  c l u s t e r  a t  a 
d i s t ance  of 100 pc,  and inc reases  approximately up t o  800-1000 pc. Af t e r  t h i s  
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p o i n t ,  t h e  inc rease  e i t h e r  comes t o  an end o r  becomes i n s i g n i f i c a n t .  
average c h a r a c t e r i s t i c s  of t h e  c l u s t e r  p o r t i o n  which are inves t iga t ed  are t h e  
following: l ong i tud ina l  extension -- from approximately 0 t o  2 2 O ;  l a t i t u d i n a l  
extension -- from +2 t o  -3'. 
3-4 clouds may be observed along t h e  l i n e  of s i g h t .  
along t h e  e n t i r e  length amounts t o  4m; t h e  absorpt ion c o e f f i c i e n t  is 5m p e r  kpc. 

The 

The c l u s t e r  extends i n  depth up t o  900 pc,  and 
The average absorpt ion 

. CE 

0.6 - 

Figure 9 

I n  h i s  ar t ic le ,  which inves t iga t ed  the  luminosity func t ion  (Ref. 18), 
S. McCuskey made an a t t e m p t  t o  ob ta in  the  general  p a t t e r n  of the  absorption 
d i s t r i b u t i o n  i n  t h e  g a l a c t i c  plane.  However, S. McCuskey's regions are 
s i t u a t e d  a t  d i f f e r e n t  g a l a c t i c  l a t i t u d e s ;  t h e r e f o r e ,  t h e  p a t t e r n  obtained by 
him is  no t  r e l i a b l e .  This e s p e c i a l l y  p e r t a i n s  t o  region LF 1 (2 = 12", 
b = - 7 O ) ,  which is of i n t e r e s t  t o  us. The material which we had a t  our dis-  
posa l  allowed us t o  i n v e s t i g a t e  the  d i s t r i b u t i o n  of dust  over t h e  po r t ions  
whose cen te r s  lay  a t  t h e  same g a l a c t i c  l a t i t u d e  + 3 O .  Moreover, t h i s  choice 
of l a t i t u d e s  made it poss ib l e  t o  make use of S. McCuskey's d a t a  f o r  h i s  regions 
LF2 and LF3. I n  add i t ion ,  w e  u t i l i z e d  t h e  d a t a  obtained f o r  our region A 
(port ions 4,  5 ,  6), f o r  the  region of V. I. Voroshilov (port ion 2 ) ,  and 
I. I. Pronik 's  region (po r t ions  33, 34, 39, 41, 42). The r e s u l t  obtained 
(Figure 11, dot ted l i n e  denotes the  d i s t r i b u t i o n  obtained by McCuskey) d i f f e r s  
from S. McCuskey's r e s u l t  i n  t h a t  t h e  absorpt ion inc rease  i n  t h e  d i r e c t i o n  
being s tud ied  is 4-5 t i m e s  more i n t e n s i v e  than i n  the  region LF1. This i s  
p e r f e c t l y  n a t u r a l .  
of s i g h t  corresponding t o  t h e  cen te r  of t h e  region leaves t h e  dust  l a y e r  a t  
s h o r t  d i s t ances  from t h e  Sun. 

/177 

Region LF1 is  s i t u a t e d  a t  l a t i t u d e  -7", s o  t h a t  the l i n e  

I n  order  t o  ob ta in  a more complete p i c t u r e  of t h e  d i s t r i b u t i o n  of s epa ra t e  
clouds i n  t h e  c l u s t e r  discovered, w e  s tud ied  t h e  cloud d i s t r i b u t i o n  p ro jec t ed  
onto t h e  g a l a c t i c  plane.  
s e c t i o n  w a s  compiled f o r  t h e  l a t i t u d e  i n t e r v a l  from -1 t o  -1O.5). 
degree of blackness corresponds t o  d i f f e r e n t  values  of t h e  absorption coe f f i -  
c i e n t  per  kpc i n  t h e  i n t e r i o r  of t h e  cloud. 
s epa ra t e  cloud groups a t  t h e  average d i s t ances  of 270, 520, and 800 pc. This 
is confirmed by Figure 12b, which r ep resen t s  a c ross  s e c t i o n  along the  meridian 
2 = 16O, obtained from the absorption curves f o r  only regions A and B, -- i.e., 
from t h e  most homogeneous material. 

The r e s u l t s  are presented  i n  Figure 12a ( t h e  cross  
A d i f f e r e n t  

One can n o t i c e  t h e  exis tence of 
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Figure 10 

A d e t a i l e d  s tudy  of absorp t ion  i n  regions A and B makes i t  possi  l e  t o  
estimate t h e  dimensions of t h e  dus t  clouds,  and a l s o  t o  make c e r t a i n  s ta tements  /178 
concerning the ,  s t r u c t u r e  of t h e  absorbing matter. 

Some d i f f i c u l t i e s  are e n t a i l e d  i n  es t imat ing  t h e  average dimensions of t h e  
clouds;  t hese  d i f f i c u l t i e s  are caused by t h e  co lo r  excess method. As a r u l e ,  
i n  these  po r t ions  of t h e  absorp t ion  curves which correspond t o  s h o r t  d i s t ances ,  

Figure 11 

t h e  clouds are comparatively s m a l l ,  w i th  t h e  ho r i zon ta l  po r t ions  being sharp ly  
separa ted .  The dimensions of t h e  clouds inc rease  wi th  t h e  d i s t ance ,  and t h e  
sharpness  of t h e  curve d e t a i l s  decreases .  
i nc rease ,  i n  which i t  i s  p o s s i b l e  t o  sepa ra t e  t h e  ind iv idua l  clouds. 

The curves o f t e n  e x h i b i t  a genera l  

The phenomenon descr ibed is  caused by two f a c t o r s .  F i r s t ,  t h e  usua l  /179 
number of stars on t h e  b a s i s  of which a curve is p l o t t e d  decreases  wi th  t h e  
d is tance .  This f a c t  in f luences  t h e  accuracy of t h e  curve. Secondly, as a 
r u l e ,  t h e  d i v i s i o n  i n t o  po r t ions  w i t h  t h e  same absorp t ion  is  performed on the 
b a s i s  of t h e  Milky Way p a t t e r n  ( o r  from s t a r  counts ) ,  and t h e  p a t t e r n  of t h e  
Milky Way is i n  t u r n  determined by t h e  inf luence  of t h e  c l o s e s t  clouds 
( loca ted  no f a r t h e r  than  400 pc) .  
expresses  t h e  d i s t r i b u t i o n  of only t h e  c l o s e s t  clouds,  i s  ex t rapola ted  t o  

I n  t h i s  case t h e  d iv i s ion ,  which c o r r e c t l y  
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Figure 1 2  

l a r g e r  d i s t ances .  Therefore ,  s t a r t i n g  with a d e f i n i t e  d i s t ance ,  t h e  curves 
g ive  a h ighly  averaged, d i s t o r t e d  absorp t ion  p a t t e r n .  Under these  condi t ions ,  
t h e  concept of t h e  s i z e  of dus t  clouds becomes uncer ta in ,  and t h i s  c l e a r l y  
causes t h e  g r e a t  d i f f e rences  i n  estimates of s i z e .  

The d i f f i c u l t i e s  i nd ica t ed  could have been overcome: F i r s t ,  by having 
a t  our d i sposa l  t h e  magnitudes and spec t r a  of weaker stars of s m a l l  luminosi ty;  
secondly,  by changing t h e  d i v i s i o n  method. The former is so f a r  una t ta inable ,  
and t h e  l a t t e r  r equ i r e s  a s p e c i a l  e labora t ion .  Divis ion i n t o  two o r  more 
s t ages  i s  one of t he  v a r i a n t s  w e  have proposed, and a l s o  appl ied  i n  ca l cu la t ing  
absorpt ion.  The region under i n v e s t i g a t i o n  w a s  divided i n t o  equal por t ions  
(1 x 1' squa res ) ,  and f o r  each one of them t h e  CE curve w a s  p lo t t ed .  The 
squares  wi th  t h e  s a m e  CE behavior w e r e  un i t ed ,  and t h e  average CE curves were 
p l o t t e d  f o r  t h e  po r t ions  obtained.  S t a r t i n g  a t  a d i s t ance  of 300-400 pc, t h e  
process w a s  repeated.  I n  t h i s  way w e  have obtained a r e l i a b l e  d i v i s i o n  up 
t o  a d i s t ance  of 700-800 pc,  and, consequently,  more r e l i a b l e  values  of t h e  
dimensions of t h e  dus t  clouds.  
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A f t e r  analyzing t h e  absorp t ion  curves f o r  reg ion  A from t h i s  po in t  of 
view, w e  have obtained t h e  following r e s u l t s :  t h e  dependence of t h e  cloud 
dimensions on t h e  d i s t ance ,  up t o  700-800 p c , i s  i n s i g n i f i c a n t .  
diameter of a cloud, ca l cu la t ed  from t h e  absorp t ion  curves,  i s  40 pc wi th  the 
average absorp t ion  c o e f f i c i e n t  20-25m per  k i loparsec .  P r a c t i c a l l y  a l l  t h e  
absorp t ion  i n  t h i s d i s t a n c e  range occurs  i n  t h e  clouds.  This  means t h a t  t h e  
s t r u c t u r e  of t he  d u s t  can be more r e a d i l y  represented as "nebulae and voids",  
r a t h e r  than as r a r e f i e d  dus t  wi th  nebulae f l o a t i n g  i n  i t .  

The average 

A s  a l ready  noted,  reg ions  A and B are "prominent" i n  t h e  sense  t h a t  thus  
f a r ,  no ob jec t s  of s p i r a l  populat ion,  except d u s t ,  have been observed i n  them. 
W. Becker (Ref. ll), H'. Weaver (Ref. 21) and o the r  i n v e s t i g a t o r s  expla in  t h i s  
phenomenon by a real absence of t h e  ob jec t s  i nd ica t ed  i n  t h e  d i r e c t i o n  i n  
quest ion.  On t h i s  b a s i s ,  they assume t h a t  a longi tude  of about 350-0' 
r ep resen t s  the l i m i t  of t h e  S a g i t t a r i u s  arm i n  t h e  nor thern  sky. 

/180 

L e t  us assume t h a t  a high dus t  concent ra t ion  i n  t h e  Milky Way "fork" i s  
t h e  p r i n c i p a l  cause of "avoidance" i n  t h e  12-22' l ong i tud ina l  d i r e c t i o n .  The 
q u a n t i t a t i v e  absorp t ion  c h a r a c t e r i s t i c s  of t h e  regions being s tudied  al low us 
t o  v e r i f y  t h i s  assumption. W e  s h a l l  proceed from t h e  f a c t  t h a t  t h e  absorp t ion  
inc reases  up t o  t h e  d i s t a n c e  of 1000 pc,  where i t  is  equal  t o  4m. Beginning 
a t  t h a t  d i s t ance ,  i t  remains unchanged o r  i nc reases  very slowly. L e t  us 
assume t h a t , i t  i s  unchanged. For t h e  l i m i t i n g  photographic magnitude, equal  
t o  l Z m ,  t h e  stars wi th  M = -3.2 (BO-B2) should be observed i n  t h e  
absence of absorp t ion  up t o  d i s t ances  corresponding t o  t h e  modulus 15.2.  
When t h e  absorp t ion  i s  taken i n t o  account ,  t h e  modulus w i l l  be 11.2 (or  1700 
pc) .  If t h e  absorp t ion  inc reases  a f t e r  1000 pc,  t h i s  d i s t ance  w i l l  be  some- 
what sho r t e r .  

Thus, t h e  absence of t h e  BO-B2 stars i n  t h e  ca t a logs  w i t h - t h e  l i m i t i n g  
photographic s te l la r  magnitude up t o  12m i n  t h e  "forkf '  of t h e  Milky Way 
corresponds t o  t h e i r  r e a l  absence up t o  a d i s t ance  of 1700 pc. The above 
reasoning i s  even more v a l i d  f o r  o b j e c t s  of lesser luminosi ty .  Basing our 
cons idera t ions ,  f o r  t h e  moment, on d a t a  regarding i n t e r s t e l l a r  absorp t ion ,  w e  
can expla in  t h e  "avoidance" f o r  t h e  stars of Populat ion I a t  longi tudes 
12-22' by a s t rong  i n t e r s t e l l a r  absorp t ion  a t  a comparatively l a r g e  (above 
1700 pc) d i s t ance  from t h e  S a g i t t a r i u s  arm. I n  order  t o  penetirate t h e  
S a g i t t a r i u s  arm under these  condi t ions ,  and t o  s tudy i t  success fu l ly ,  i t  i s  
necessary t o  know t h e  s p e c t r a  and magnitudes of e a r l y  type stars up t o  14-15m. 

One important t a s k  is t o  i n v e s t i g a t e  t h e  relative d i s t r i b u t i o n  of dus t  and 
gas  i n  t h e  Galaxy. Figure 12b shows t h e  dens i ty  behavior of n e u t r a l  hydrogen 
according t o  radioastronomical  d a t a  f o r  1 = 16", and t h e  d i s t r i b u t i o n  of 
clouds of absorbing matter according t o  our da t a  f o r  reg ions  A and B. By 
comparing these  graphs,  one cannot discover  any c o r r e l a t i o n  i n  t h e  d i s t r i b u t i o n  
of both components €or a given d i r e c t i o n .  On t h e  b a s i s  of t h i s  comparison, 
t h e  conclusion may only be  reached t h a t ,  i n  t h e  p a r t  of t h e  Milky Way which 
is under i n v e s t i g a t i o n ,  t h e  c l u s t e r  of d u s t  nebulae is loca ted  i n  a r eg ion  
with a high dens i ty  of n e u t r a l  hydrogen (0.6 -1.6 atm/cm3). 
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S t e l l a r  Component - I181 

Me-bhod of calculating s te l lar  densit ies.  The s p e c t r a  and t r u e  moduli 
of s te l lar  d i s t ances  w e r e  employed as t h e  i n i t i a l  d a t a  i n  t h i s  po r t ion  of t h e  
work. 
i n  t h e  regions A and B. 
t h e  so-cal led " individual"  method (terminology employed by V. Zonn). This 
method employs a d i r e c t  c a l c u l a t i o n  of t h e  volumetr ic  cones and of t h e  stars 
included wi th in  them i n  t h e  corresponding d i s t ance  l i m i t s .  This makes i t  
poss ib l e  t o  c a l c u l a t e  t h e  s t e l l a r  d e n s i t i e s .  
i t  does no t  n e c e s s i t a t e  any assumptions regarding t h e  form of the  luminosi ty  
func t ion  i n  t h e  corresponding volume of space.  The determinat ion of t h e  
luminosi ty  func t ion  r ep resen t s  one of t h e  a i m s  of our research .  

The t r u e  moduli w e r e  computed on t h e  b a s i s  of d a t a  regari!ing absorp t ion  
The s p a t i a l  d e n s i t i e s  (D) w e r e  ca l cu la t ed  by employing 

We se l ec t ed  t h i s  method, because 

D i f f i c u l t i e s  complicating t h e  
c a l c u l a t i o n  arise during t h e  course of 
t h i s  i nves t iga t ion .  These d i f f i c u l t i e s  
c o n s i s t  of t he  f a c t  t h a t  t h e  l i m i t i n g  
d i s t ances ,  up t o  which w e  may cal- 
cu la te  t h e  s te l lar  d e n s i t i e s ,  are 
d i f f e r e n t  f o r  d i f f e r e n t  groups of sub- 
c l a s s e s ,  and a l s o  f o r  s ec t ions  with 
a d i f f e r e n t  absorpt ion.  I n  order  t o  

provide a r e l i a b l e  c a l c u l a t i o n  of d e n s i t i e s ,  i t  is  very important t o  make a 
c o r r e c t  determinat ion of t h e  l i m i t i n g  s te l lar  magnitude which would completely 
encompass stars of d i f f e r e n t  s p e c t r a l  types.  The l i m i t i n g  mpg,  f o r  which 
t h e  s p e c t r a l  class i s  known, w a s  f i r s t  ca l cu la t ed .  For t h i s  purpose, t h e  
number of stars (which w e r e  accu ra t e ly  c l a s s i f i e d  wi th in  an  accuracy of t h e  
sub-class) was ca l cu la t ed  f o r  d i f f e r e n t  va lues  of m i n  region A. The r e s u l t s  

der ived from t h e  c a l c u l a t i o n  (Figure 13) show t h a t  llm.9 may be assumed t o  be 
t h e  l a r g e s t  l i m i t i n g  s t e l l a r  magnitude. In  o rde r  t o  completely encompass 
a l l  t h e  b r i g h t  stars, our d a t a  w 6 ~ e  supplemented wi th  the  ca ta log  AGK 

of t h e  G ,  K and M classes represented an  except ion;  t h e  AGK ca ta log  d id  no t  

d iv ide  these  stars i n t o  g i a n t s  and dwarfs. 
of Sm.5 was assumed f o r  t hese  stars. 

;:FA, 1 
4 3  

50 
0 L - L - L  

IO I /  I.? 

Figure 13 

Pg 

S t a r s  2 '  

2 
The smallest l i m i t i n g  magnitude 

The s te l lar  d e n s i t i e s  w e r e  ca l cu la t ed  f o r  t h e  following s p e c t r a l  groups: 
B5-B7, B8-AO, Al-A3, A5-A8, gG5-K, dF8-G2, dG5-G8. The d i s t ance  moduli 
w e r e  combined, s o  t h a t  a d i s t ance  of approximately 100 pc w a s  encompassed. 

Table 1 presen t s  t h e  l i m i t s  wi th in  which a l l  t h e  s t a r s  of d i f f e r e n t  spec-/182 - 
tFA groups are encompassed i n  sec t ions  with a d i f f e r e n t  absorp t ion ; these  va lues  
were ca l cu la t ed  on t h e  b a s i s  of t h e  absorp t ion  curves.  Table 2 p re sen t s  t h e  
volumes corresponding t o  the  assumed l i m i t s  of t h e  d i s t ance  moduli, 
which the  s te l lar  d e n s i t i e s  were ca lcu la ted  ( t h e  volumes were ca lcu la ted  per  
one square degree i n  t h e  p lane  of a f i g u r e ) .  

w i th in  

The d e n s i t i e s  w e r e  ca l cu la t ed  without  d iv id ing  t h e  regions i n t o  s e c t i o n s  
a t  comparatively c lose  d i s t ances  (up t o  m-M=8), where t h e  max imum va lues  of 
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TABLE 1 

.- - 
R e  i on  
an8 I -B7 I B8-A0 
Sect ion 

. .  

Al--A3 A5--A8 I 
A 
I 0- 9.3 0- 9.4 0-8.9 0-8.3 
2 0- 9.8 0- 9.8 0-9.5 0 4 . 4  
3 0-10.7 0-10.6 0-9.9 0-8.7 

B 
1 0- 9.8 0- 9.3 U . 5  0-7.8 
2 0-11.0 0-10.4 0-9.4 0-8.3 
3 0-11.3 0-10.8 -9.9 0-8.9 

m-M 

4.5-5.9 
5.0-5.9 
6 .O-7.0 
7.1-7.7 
7.8 -8.2 

8.7-9.0 
9.1-9.3 

8.3-8.6 

-9.4-9.6 

TABLE 2 

I v.10-3, PC3 I 
0.32 
0.28 
1.31 
2.68 
4.50 
6.65 

11.47 
13.85 
21.14 

~ 

0-7.5 4.5 -6.1 7.3-8.8 
0-7.5 4.5-6.7 '7.5-9.2 
0-7.6 4.5-6.8 7.5-9.6 

m-M 1 Y . I o - ~ , , ~ c ~  

9-7- 9.9 31.88 
10.0-10.1 29.91 
10.2-10.3 39.45 
10.4-10.5 52.10 
10.6-10.7 68.63 
10.8-10.9 91.18 
11.0-11.1 119.68 
11.2-11.3 157.31 

11.4 96.46 

t h e  z-coordinate of t h e  region cen te r s  d id  not  exceed 40 pc. A t  l a r g e r  
d i s t ances  t h e  sec t ions  presented i n  Table 1 w e r e  i nves t iga t ed  ind iv idua l ly .  
Tables 3 and 4 present  t he  r e s u l t s  der ived from determining the  s t a r s  f o r  
s epa ra t e  s p e c t r a l  groups i n  d i f f e r e n t  s e c t i o n s ,  wi th in  the  corresponding 
d i s t ance  l i m i t s ,  a s  w e l l  a s  t h e  ca lcu la ted  s t e l l a r  d e n s i t i e s .  

Characteristics of the distribution of ste Zlar spatia2 densities, W e  1184 
s h a l l  d i scuss  t h e  r e s u l t s  der ived from ca lcu la t ing  the  s t e l l a r  d e n s i t i e s .  

S t a r s  -of class A (Fi-gure 14 ) .  The d i s t r i b u t i o n  of B8-A0 s t a r s  may be re l i -  
a b l y  s tudied  up t o  t h e  l a r g e s t  d i s t ances  (850 pc) c l o s e  t o  the  g a l a c t i c  equator .  
The mean dens i ty  of t hese  s t a r s  w i th in  160-250 pc i s  0.16* i n  both reg ions .  
The stars w e r e  no t  d i s t r i b u t e d  uniformally:  i n  s ec t ion  1 of region A, t he  
dens i ty  changed wi th in  0.17-0.35, and i n  s e c t i o n  1 of region B i t  changed from 
0.09 t o  0.20. 
under t h e  equator ,  by approximately a f a c t o r  of 1.6.  I n  sec t ions  ad jacent  t o  

* The dens i ty  pe r t a in ing  t o  lo3 pc3 is given a t  t h i s  po in t  and i n  t h e  follo,wing. 

The s te l lar  dens i ty  w a s  g r e a t e r  above t h e  equator  than i t  w a s  

_ _  ~ ~ 
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6.0-7.0 70.19 20.06 50.14- - - -.- - 
7.1-7.7 130.18 80.11220.30- - - - - - 
7.8-8.2 320.26142.11210.17170.14 - - - - 
6 . M . 7  - - - - - - - - . -  
6-0-7.5 - - - - - - - - Is1.89- .- 

- 793.87 

0.22 0.10 0.20 0.14 1.89 3.87 Dav 

40.12 70.11 80.24 
11 0.16 190.28SO.M 
180.16200.18- - - - - - -  

t he  g a l a c t i c  equator ,  t he re  w a s  no decrease i n  dens i ty  wi th  d is tance .  
phenomenon w a s  q u i t e  c l e a r l y  expressed i n  s e c t i o n s  loca ted  a t  l a r g e  g a l a c t i c  
l a t i t u d e s ;  
d i r e c t i o n  perpendicular  t o  t h e  g a l a c t i c  dens i ty .  

This 

t h i s  may be explained by t h e  decrease i n  s te l lar  d e n s i t i e s  i n  a 

The dens i ty  d i s t r i b u t i o n  of A 1 4 3  s t a r s  may be t raced  c lose  t o  t h e  galac-  
t i c  dens i ty  up t o  a d i s t ance  of 530-650 pc. J u s t  l i k e  B8-A0 stars, they are 
not  uniformly d i s t r i b u t e d  i n  space ( see  Figure 14) .  Their mean dens i ty  wi th in  
160-520 pc equals 0.18. I n  con t r a s t  t o  B8-A0 stars, t h e  dens i ty  of A1-A3 stars 
is  smaller above t h e  g a l a c t i c  plane than it is below i t  (by a f a c t o r  of 1 .5) .  

The d e n s i t i e s  f o r  A5-A8 stars were ca l cu la t ed  up t o  a d i s t ance  of 350- 
450 pc ( see  Figure 14 ) .  The mean dens i ty  of stars of t h i s  type is comparatively 
l a r g e  (0.26),  and i t s  va lue  i s  approximately t w i c e  as g r e a t  below the  g a l a c t i c  
plane as i t  i s  above i t .  

I f  t h e  t a b l e s  and graphs showing t h e  dens i ty  d i s t r i b u t i o n  are examined, 
t h ree  condensations of A-stars may be observed a t  t h e  mean d i s t ances  of 300, 
490, and 750 pc. It i s  our  opinion t h a t  t hese  da t a  may serve as a b a s i s  f o r  
discovering new g a l a c t i c  s ta r  c l u s t e r s  i n  t h e  Milky Way region being s tudied .  

The d e n s i t i e s  of stars F and G were only ca l cu la t ed  f o r  reg ion  A, f o r  
which we-employed da ta  pe r t a in ing  t o  stars of t h e  FO-F5, dF8-G2 and gG5-K 
types.  However, i t  is impossible t o  trace the  behavior of s t e l l a r  d e n s i t i e s  
f o r  t h e  f i r s t  two s p e c t r a l  groups, s i n c e  t h e  FO-F5 stars may only be s tudied  
between 0-300 pc,  and t h e  dF8-G2 stars may only be s tud ied  between 80-220 pc. 

only t h e  mean d e n s i t i e s  having the  va lues  1.98 and 4.25, respec t ive ly .  
d e n s i t i e s  of t h e  g i a n t s  G5-K do no t  depend on d i s t ance  and l a t i t u d e  t o  as 
g r e a t  an  ex ten t  as d e n s i t i e s  of t h e  B8-A stars (see  Table 4 ) ,  and they have 
a mean value of 0.14. 

Therefore,  f o r  t hese  s p e c t r a l  types ,  w e  confined ourse lves  t o  ca l cu la t ing  /186 
The 

Charac te r i s t i c s  of t h e  d i s t r i b u t i o n  of stars i n  class B. 1.t w a s  d i f f i c u l t  
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TABLE 4 

B8- Al- gG5- B8- 
-A0 -A3 -K A& ------ 

/ Region . A 

AI- gG5 
-A3 -K 

8.3- 8.6 
8.7- 9.0 
9.1- 92 
9.1- 98 
9-3- 9.4 
9.4- 9.6 

- 9.7- 93 
I O . 0 4  0.1 
10.2-103 
l0,4-las 

Region B 
- - .  

nl D - n/  D D nl D nl p + 
1 

50.23 130.20 100,16 
90.17 90.08 90.08 
50.18 
5 0.19 
8 0 s  . 

~ 

B8- Al- 
-A0 I -A3 I 'E%- 

2 

60.07 120.14 130.1 
170.11 240.16 190.1 

190#10 70-04 !230,1 
460,17 
22 0.05 2!2 0,oS 

--- 
.I In! 3 14 

8.3- 8.6 1150.20 16 0.22 
8.7- 9.0 112 0.09 
9.1- 9.3 '130.08 
9.4- 9.6 
9.7.- 9.9 

10;o- IO, I 
10.2-10.3 ' 

10,4-1O#!i. 
10.6-1 0.7 

4 0-12 2 0.06 3 0.09 
3 0.05 3 0.05 5 0.09 

50.08 16034 
60.05 40.04 

1 I 0.08 17 0,12 
16 0,08 
9 0.03 
5 0.02 
2 0.01 

. .  

1 0.02 6 0.09 3 0.05 

3 0.03 5 0.05 5 0,s 
1 0.00 3 0.02 
4 0.03 
€ 0.00 , 

5 0.02 

3 

t o  c a l c u l a t e  t h e  d e n s i t i e s  of stars of t h i s  type due t o  t h e  small  number of 
them. The e n t i r e  region A+B was divided i n t o  th ree  sec t ions  (Figure 15,  do t ted  
l i n e ) ,  and t h e  following l i m i t s  w e r e  chosen based on t h e  d i s t ance  moduli: 
6.0-9.3; 9.4-9.9; 10.0-10.9. The r e s u l t s  of t he  ca l cu la t ions  (Table 5) only 
i n d i c a t e  t h a t  t h e  dens i ty  of t hese  s t a r s  is approximately two t i m e s  smal le r  
i n  s ec t ions  loca ted  a t  t h e  g a l a c t i c  l a t i t u d e  3 . 5 - 4 O . O  than i t  is  i n  t h e  
equa to r i a l  region,  where i t  comprises 0.0036. 
160-1500 pc equals  0.0026 -- i . e . ,  i t  i s  two orders  of magnitude lower than 
f o r  B8-A0 s t a r s .  

The mean dens i ty  wi th in  

The number of BO-B7 s t a r s  is  considerably smaller i n  region A (13) than 
i t  is  i n  region B (36) ,  al though t h e  f i r s t  region i s  l a r g e r  than t h e  second 
i n  terms of area. 
of regions A and B with t h e  na tu re  of t h e  absorp t ion  inc rease  a t  l a r g e  
d i s t ances ,  w e  w e r e  a b l e  t o  exp la in  t h i s  phenomenon by a d i f f e r e n t  absorpt ion.  

Comparing t h e  number of s t a r s  i n  t h e  d i f f e r e n t  s ec t ions  

L e t  us s tudy the  l i s t  of BO-B3 stars (Table 6) .  There are almost no 
BO-B3 stars i n  both regions up t o  a d i s t ance  of 1700 pc (m-M = 11.2).  The 
BO-B3 stars which weabserved  a t  l a r g e r  d i s t ances  apparent ly  belong t o  t h e  
s p i r a l  arm of S a g i t t a r i u s .  The mean d i s t ance  of t h e  major i ty  of BO-B3 stars 
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Region A 
~ _ _  . .- 

3 .. ._-- 

i n  t h e l i s t  i s  1740 pc.  
leading edge of t h e  arm of S a g i t t a r i u s ,  which i s  in t e rcep ted  by the  l i n e  of 

W e  may assume t h a t  it determines t h e  p o s i t i o n  of t h e  /187 

TABLE 5 

L i m i t s  
/?l ( , -Al  

G.0- 9.3 
9 . 4 - - -  9.9 

10.9-10.9 
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. - . 

n - 
I 

8.34 0.36 7.29 0.27 
9.54 0.10 
- - 

-_ 

n 

... 

1 
1 

12 

.. . - 
C 

... ~ . 

5.67 0.18 
7.42 0.13 

39.34 0.30 

. . - . . . . . 



A, LVI B3 12.64 11.2 
B, 11-1 B :  12.02 11.0 

11-3 B: 12.09 1i.4: 
15-1 B3 11.91 12.0 

15-5 BO 11.87 11.1 

15-1 B2 12.00 12.7 
15-4 BO 9.85 11.4 

s i g h t  i n  t h e  d i r e c t i o n  12-22'. These 
conclusions concur wi th  t h e  calcu- 
l a t i o n s  presented i n  the  s e c t i o n  on 
absorpt ion.  

-. D i s t r i b u t i o n  of S t e l - 1 .  Dens i t i e s  
Along the  z-coordinate 

The length  of t h e  regions which 
w e  s tud ied  along t h e  g a l a c t i c  l a t i -  
tude from -6 t o  +6" made i t  poss ib l e  

t o  fol low t h e  behavior of dens i ty  with t h e  z-coordinate f o r  stars of c e r t a i n  
s p e c t r a l  groups -- B8-AO, Al-A3 and gG5-K. I n  regions A and B ,  two s e c t i o n s  
( a  and b ) ,  w e r e  d i s t inguished ,  which w e r e  d i s t r i b u t e d  symmetrically with 
respec t  t o  t h e  g a l a c t i c  equator  (Figure 16,  do t ted  l i n e )  and which encompassed 
l a t i t u d e s  up t o  2 5O.2. Taking i n t o  account t h e  l i m i t s  between which t h e r e  a r e  
no s e l e c t i o n  e r r o r s  ( see  Table 1),we w e r e  a b l e  t o  d i s t i n g u i s h  layers,which w e r e  
p a r a l l e l  t o  t h e  g a l a c t i c  plane and which w e r e  10 pc t h i c k ,  
cones corresponding t o  s e c t i o n s  a and b.  Figure 1 7  shows an approximate 
c ros s  s e c t i o n  of one of these  cones. The mean s t e l l a r  dens i ty  was ca l cu la t ed  

Figure 15 

i n  t h e  s p a t i a l  

f o r  each l aye r .  Table 7 presents  
t h e  i n t e r v a l s  of t he  z-coordinate,  
t h e  t r u e  d i s t ance  moduli (corres-  
ponding t o  t h e  l i m i t s  def in ing  t h e  
l a y e r s  i n  terms of depth) ,  t h e  number 
of stars i n  t h e  l a y e r s ,  and t h e  
s te l la r  d e n s i t i e s .  The following 
conclusions w e r e  reached on t h e  b a s i s  
of t h e  graphs which w e r e  compiled 

,- 
$$?? ,' 

,' 
L'&-- 

Figure 16 showing t h e  behavior of dens i ty :  

1. For B8-A3 s t a r s ,  t he  dens i ty  changed unevenly wi th  t h e  z-coordinate,  /188 
and gave no i n d i c a t i o n  of strict symmetry with r e spec t  t o  t h e  g a l a c t i c  dens i ty .  
The max imum d e n s i t i e s  of B8-A0 stars w e r e  observed above t h e  equa to r i a l  plane,  
and t h e  maximum d e n s i t i e s  of Al -A3  stars almost coincided wi th  them. 

2. The dens i ty  g rad ien t  of Al-A3 stars w a s  smaller than t h e  dens i ty  
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Figure 17 

gradient of B8-A0 stars. 

The mean curves showing the behavior of D with 1.1 (Figure 18, dots) were 
on the basis of the combined computational results for B8-A0 and compiled 

A1-A3 stars. It is known that the exponential law may be assumed on the average 
for the change in the stellar density with the z-coordinate 

I Z I  - -_ 
D-Doe , 

where D is the density in the galactic plane; B -- a constant. According to 

the studies by B. V. Kukarkin and P. P. Parenyy, the sub-systems of the plane 
component may be characterized by the values of 
behavior of the densities, which is shown in Figure 18, is closely approximated 
for a value of 
for A1-A3 stars. 

0 

between 44-100 pc. The 

which equals 45 pc for B8-A0 stars, and which equals 50 pc 

Luminosity function for  24-28' longitudes. If we determine the luminosity 
function as the number of stars in a cubic parsec with the absolute magnitudes 
within the limits of M-1/2, M+1/2, then this function may be written as 
follows at this distance 

- (,lf-Afs)* 
___. 

""b- a io 

Figure 18 

where M and os are the mean values /189 

of the absolute magnitude and its 
dispersion in the given spectral 
interval; D(r) -- density of stars 
of this interval. 

S 

If we know the density of stars 
belonging to different spectral 
groups for different distances, we 
may calculate the luminosity function 

to regions A and B. The values of 
D, M and o given in Table 8 were 
used for the calculations. Beginning 

IC for the direction 14-18' corresponding 

S S 
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TABLE 7 

6.7- 9.4 27 0.26 
6.7- 9,4 12 0.12 
7.6- 9 .3  17 0.19 
8.3- 9.6 28 0.19 
8.7- 9.8 10 0.09 
9.1- 9 .8  4 0.05 
9.4- 9 .8  1 0.02 
9.7- 9.8 0 0.00 

-Region A 

6.7-8.9 14 0.20 
6.7-8.9 3 0.04 
7.6-8.9 10 0.18 
8.3-9.5 I 1  0.12 
8.7-9.'5 5 0.07 
9.1-9.5 2 0!05 
9.4-9.5 0 0.00 

0- 10 
10- 20 
20- 30 
30- 40 
40- 50 
50- 60 
60- 70 
70- 80 

0- 10 
10- 20 
20 - 30 
30- 40 
,IO- 5u 
50 -- GO 
60 - 50 
io - so 
so- 90 
3 U - l U O  

9 0.15 
6.7- 9 .4  1 0.11 
7.6- 9.3 5 0.L6 
8.3- 9.3 3 0.04 
8.7-- 9 .4  3 0.05 

6.7-8.5 5 0.11 
6.7-8.5 10 0.23 
7.6-8.5 5 0.16 
8.3-8.8 3 0.11 
5.7--9.3 3 0.06 

6.7- 9.4 

9.1-- 9.8 6 0.07 
0.4  10.3 8 0.05 
9.7-10.4 4 0.03 

10.0-10.4 3 0.03 
10.3-10.4 1 0.03 

7.5-8.8 11 0.22 
7:s-8.8 -15 o. i2  
7.6-8.9 5 0.09 
8.3-9.2 16 0.27 
8.7-9.3 8 0.21 
9.1-9.2 10.11 

with F s t a r s ,  t h e  s t e l l a r  d e n s i t i e s  w e r e  only taken f o r  region A ,  s i n c e  these  
stars w e r e  no t  s tud ied  i n  region B. The genera l  d i s t ance  i n t e r v a l ,  f o r  which 
t h e  d e n s i t i e s  w e r e  taken during the  ca l cu la t ions ,  range from 3.60-520 pc. For 
B5-B7 s t a r s ,  t h e  dens i ty  of which w a s  low, t h e  l i m i t  increased  t o  1000 pc. 
For l?8-G2 dwarfs, t h e  d e n s i t i e s  w e r e  only known a t  d i s t ances  of 80-220 pc. 

Figure19 g ives  the  luminosi ty  func t ion  obtained -- 1, a s  w e l l  as t h e  
func t ions  (which are average f o r  circumsolar space) which w e r e  ca l cu la t ed  by 
P. van Rhijn -- 2 (Ref. 19 ) ,  and t h e  func t ions  ca l cu la t ed  by S.  McCuskey -- 3 
(Ref. 18) .  

/190 

TABLE 8 

SP 

- _ -  

B5 -137 
B8 - A 0  
A I  ---A3 
A5 -A8 
PO-F5 
d F8 -- 0 2  
dG5--G8 
gG5-K 

0-IC00 15 
160.- 520 107 
160- 520 119 
IGO- 410 78 
100- 320 173 
so- 200 124 
50- I G O  53 

220.- 520 43 

D.10',PC3 I --"" 
- .  - 

0.0039 -1.0 

0.179 1 . 1  
0.264 2 . 4  
1.98 3.7 

0. IG1 t o .  1 

4:25 5.0 
5.029 6.2  
0.142 1.4 

. 

_t0.7 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
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Function 2 w a s  obtained by studying the  proper motion of stars, and funct ion 3 
w a s  found on the b a s i s  of d i r e c t  d a t a  regarding s te l la r  d e n s i t i e s .  I n  t h e  
c a l c u l a t i o n s ,  w e  did not  t ake  i n t o  account stars earlier than B5. However, 
t h i s  did not  inf luence t h e  r e s u l t s ,  s i n c e  t h e  dens i ty  of t hese  stars i n  t h e  
region of space being s tud ied  w a s  p r a c t i c a l l y  n e g l i g i b l e .  For t h i s  reason, 
i t  i s  not  poss ib l e  t o  consider g i a n t s  of t h e  c l a s s  M. 
dwarfs K and M were not included s i g n i f i e s  t h a t  t h e  p o r t i o n  of t h e  curve w e  
compiled, beginning wi th  M = 5,  i s  inaccura t e .  

The f a c t  t h a t  a l l  t h e  

50- with the  exception of a c e r t a i n  rise 
i n  our curve i n  t h e  region of abso lu t e  I 1’ 

_ _ L _ - ,  . ,..-.. I _  _.... L- L._L ._ .  

Table 9 a l s o  p re sen t s  r e s u l t s  derived from s i m i l a r  c a l c u l a t i o n s  f o r  
FO-F5 and dF8-G2 stars. 
f o r  a smaller area i n  space. 

They are not  as accu ra t e ,  s i n c e  they were obtained 
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TABLE 9 

R8-A0 0-800 
A 1 --A3 0--EGO 
gG5-K 0-GOO 
A5-A8 0-450 
FO--F5 0-320 
dF8--G2 SO-230 

* C 1  - denotes cloud 

205 0.71 0.32 
72 0.57 0.32 
77 0.61 0.32 
43 0.70 0.47 

163 0.41 0.26 
103 0.19 '0 .18 

5.1 ! -0.1 
2.8 - 1 1 . 1  

2.0 4-3.7 

3.3 $-I .4 
2.6 +2.4 

1 .o +5.0 

W e  evaluated t h e  r e s u l t s  of t hese  ca l cu la t ions  as represent ing  r e l i a b l e  
s u b s t a n t i a t i o n  of t h e  r e l a t i o n s h i p  between dus t  and stars, p a r t i c u l a r l y  
stars of t h e  B8-A3 and gG5-K type. 

Struct-ure of t h e  Milky ~~ Way a t  t h e  0-22" Longitudes 

It is known t h a t  t h e  s p i r a l  s t r u c t u r e  of t he  galaxy no t  only c o n s i s t s  of 
t h e  main arms, bu t  a l s o  c o n s i s t s  of branches,  which con t r ibu te  t o  a very 
complex p i c t u r e ,  i n  genera l .  The na tu re  of the  branches i s  t h e  same as t h e  
na tu re  of t he  arms -- i . e . ,  they are formed by stars of t he  0 and B type,  by 
gas ,  and by dus t .  The reg ion  of t h e  galaxy,  which i s  loca ted  between t h e  Sun 
and t h e  S a g i t t a r i u s  arm i n  d i r e c t i o n s  wi th  a mean longi tude  of l o " ,  up t o  a 
d i s t ance  of 1500-2000 pc,  i s  f i l l e d  wi th  clouds of n e u t r a l  hydrogen, having a 
dens i ty  which i s  c h a r a c t e r i s t i c  f o r  hydrogen arms (0.6-1.0 atm/cm3). 
cloud combines t h e  S a g i t t a r i u s  arms and t h e  Carina - Cygnus arms. The ques t ion  
of t he  d i s t r i b u t i o n  of t h e  s p i r a l  populat ion r ep resen ta t ives  i n  t h e  reg ion  of 
t h i s  hydrogen l i n k  then arises: t h e  0 and B s t a r s ,  t h e i r  a s soc ia t ions ,  and 
t h e  dust .  

1192 

This  

Dust component. A s  has  been noted,  i n t e r s t e l l a r  absorp t ion  a t  0-20" 
longi tudes  up t o  a d i s t ance  of 900-1000 pc i s  caused by a cloud c l u s t e r ,  
and inc reases  r ap id ly .  A t  l a r g e r  d i s t ances ,  t he re  i s  an i n s i g n i f i c a n t  i nc rease  
i n  t h e  absorp t ion .  I n  a c t u a l i t y .  i n  s e c t i o n  1 of reg ion  B a t  d i s t ances  of 
1000-1500 pc i t  i s  charac te r ized  by t h e  mean c o e f f i c i e n t  -- l m  per  k i loparsec .  
This  va lue  i s  obtained f o r  s e c t i o n  2 wi th in  t h e  s a m e  d i s t ance  l i m i t s .  

It fol lows from t h e  s tudy  of V.  I. Voroshilov (Ref. 3) t h a t ,  beginning 
wi th  1000 pc, f o r  a mean longi tude  of 5" t h e  mean absorp t ion  c o e f f i c i e n t  i n  
a l l  (with t h e  except ion of one) s e c t i o n s  of the  regions s tud ied  d i d  no t  exceed 
lm, and comprised P . 7  on t h e  average. This  same phenomenon was observed i n  
t h e  reg ion  s tud ied  by I. I. Pronik (Ref. 5 )  (9, = 343", b = 0 " ) ,  where t h e  
absorp t ion  w a s  only g r e a t  up t o  a d i s t ance  of 1000 pc. W e  employed t h e  da t a  
o f . 1 .  I. Pronik t o  c a l c u l a t e  t h e  absorp t ion ,  which w a s  average f o r  t h e  e n t i r e  
reg ion ,  beginning a t  a d i s t ance  of 1000 pc. A t  a d i s t ance  of 2000 pc (from 
1000 t o  3000,pc)  t h e  absorp t ion  increased  by less than a f a c t o r  of l m .  Thus, 
t h e  absorp t ion  w a s  a l s o  i n s i g n i f i c a n t  a t  d i s t ances  exceeding 1000 pc i n  t h e  
d i r e c t i o n  of 343". Absorption a t  d i s t ances  of 2000-3000 pc i n  t h e  LF2 reg ion  
of S. McCuskey w a s  a l s o  t h e  s a m e  (Ref. 18 ) .  

The above s ta tements  f o s t e r  t h e  conclusion t h a t  a t  t h e  343-22" longi tudes  
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(and possibly up to 33') powerful dust clouds, which form the "fork" of the 
Milky Way, are distributed approximately up to the distance 1000 pc, and do 
not continuously fill the space between the Carina-Cygnus and Sagittarius arms. 
It also follows from the studies mentioned above that this "dust gap" (with a 
mean absorption coefficient of no more than lm per kiloparsec) extends up to 
a distance of 2500-3000 pc. This fact, as well as the presence of powerful 
dust clouds in the directions studied, closely coincides with the predominant 
distribution of dust observed in the galaxy in the form of an inner border 
of the spiral arms. Figure 20 presents a diagram showing the structure of 
the Milky Way region which we studied. 

Early-type stars. In the directions studied, the line of sight intersects /193 
the interval between the Carina-Cygnus and Sagittarius arms, and then the 
Sagittarius arm. We shall summarize the data making it possible to determine 
the position of this spiral in the northern sky. 

o Galactic star clusters 

Q O-associations 
A BO-B3 (regions A and B) =Cluster of Nebulae 

fBright giants O-B 

#BO-B2 (data of V. Voroshilov) - - 
z. BO-B3 (data of I. Pronik) m, Neutral Hydrogen 

Figure 20 

According to H. Weaver (Ref. 21), bright stars of the Sagittarius arm 
are distributed as is shown in Figure 20. It follows from the catalog of 
W. Hiltner (Ref. 12) (the catalog contains only the exact distances of early- 
type stars, determined photoelectrically) that all of these stars are located 
beyond 1000 pc. 

Individual studies of fainter stars (m >/ 12) substantiate these data. 
Pg 

I. I. Pronik (Ref. 6 )  determined the beginning of the arm in the direction 
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343' at a distance of 600-1000 pc. 
there were absolutely no 0-B2 stars in the direction 5" up to a distance of 
1200 pc. We found a value of 1700 pc for the distance to the leading edge 
of the Sagittarius arm, based on the BO-B3 stars. Consequently, it may be 
concluded that at the 0-20" longitudes the optical arms of Carina-Cygnus and 
Sagittarius are not combined, but they are combined in the hydrogen spiral 
structure. Once again this substantiates the lack of agreement between the 
hydrogen and optical pictures of the galactic spiral structure. 

V. I. Vorishilov (Ref. 4) indicated that 

We noted above that the limiting longitude, up to which the Sagittarius /194 
arm extends in the northern portion of the Milky Way, cannot be determined 
precisely. We also pointed out that several authors (W. Becker, H. Weaver) 
give 350" as this limit, justifying this by the absence of early-type stars 
in this direction. 
result of their investigations) in the direction 12-22", and also a certain 
number of BO-B3 stars around 12m provide a basis for assuming that the optical 
arm of Sagittarius may extend at least to a longitude of 20' in the northern 
section of the Milky Way. Data on the magnitudes and spectra of stars fainter 
than lZm are requisite in order to perform this study successfully. 

The significant absorption (which they discovered as a 
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EFFECT OF THE EARTH'S ATMOSPHERIC TURBULENCE 
ON THE LIGHT COLLECTION OF TELESCOPES 

I. G. Kolchinskiy 

The a r t i c l e  dea l s  with the  inf luence  of t h e  o p t i c a l  
i n s t a b i l i t y  of t h e  atmosphere on the  q u a l i t y  of s tar  f o c a l  
images, made wi th  te lescopes  having var ious  diameters.  
Est imat ions of t h e  p a r t  of reduct ion  t o  transatmospheric 
s tar  b r igh tness  due t o  atmospheric turbulence are given. 

1196 L .  A.  Chernov (Ref. ll), and a l s o  N. G .  Denisov and V.  I. Tatarskiy - 
(Ref. 3 ) ,  have shown t h a t  i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  f o c a l  image of a pre- 
cise ob jec t  ( a  s t a r )  d i f f e r s  from t h e  d i s t r i b u t i o n  i n  t h e  case of a uniform 
medium f o r  a nonaber ra t iona l  ob jec t ive .  This i s  due t o  f luc tua t ions  i n  phase 
and amplitude a t  t h e  f r o n t  of a l i g h t  wave, which i s  propagated i n  a non- 
uniform medium, wi th  f l u c t u a t i o n s  i n  dens i ty .  When t h e r e  are f luc tua t ions ,  
t h e  i n t e n s i t y  i s  smaller a t  t h e  f o c a l  po in t  than would fol low from the  theory 
of d i f f r a c t i o n .  The e f f e c t i v e  r ad ius  of t h e  image inc reases ,  s i n c e  t h e  curve 
showing the  i n t e n s i t y  d i s t r i b u t i o n  i n  the  f o c a l  image has  l a r g e  "wings". Due 
t o  t h i s  f a c t ,  t h e  exposure t i m e  f o r  ob ta in ing  photographic images of stars 
having a d e f i n i t e  stellar magnitude increases  considerably,  and l i g h t  c o l l e c t i o n  
of t h e  te lescope  decreases .  

The relative i n t e n s i t y  decrease a t  t h e  f o c a l  po in t ,  as compared wi th  t h e  
theory of d i f f r ac t ion ,depends  upon t h e  amount by which the  mean square 
value of v i b r a t i o n  ("incoming angle" of l i g h t  rays)  exceeds t h e  angle  of d i f -  
f r a c t i o n ,  which i s  determined by t h e  r a t i o  A I D ,  where X i s  t h e  wavelength, 
and D i s  the  ob jec t ive  diameter.  This same r a t i o  determines t h e  rad ius  of 
t h e d i f f r a c t i o n d i s c  of t h e  s t e l l a r  image, which may be ca l cu la t ed  according 
t o  the  following formula i n  angular  dimensions 

and i n  l i n e a r  dimensions, according t o  t h e  fol lowing formula - I 1 9 7  

1,22AF ' 

D '  
P =  

where F i s  t h e  f o c a l  d i s t ance  of t h e  objec t ive .  

The r a t i o  between t h e  mean i n t e n s i t y  a t  t h e  f o c a l  p o i n t ,  i n  t h e  presence 
may be determined of f luc tua t ions  I, and t h e  i n t e n s i t y  without f l u c t u a t i o n s  I 

by the  func t ion  G(a) ( 3 ) :  
0 

1 

(3 )  

where x = r / D  i s  the  relative d is tance  from t h e  cen te r  of a c i r c u l a r  diaphragm 
having t h e  diameter D; 
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L = L sec z - "air mass", traversed by a ray at the zenith distance z; 
C2 - parameter characterizing the pulsation intensity of the refractive index 
included in the law of "two-thirds" power: 

0 

n 

Dn ( Y )  =Ct:r''J (Lo>>r>>lo); ( 4 )  
where D (r) is the structural pulsation function; R 
turbulence scales. 

and Lo - inner and outer n 0 

In the case of a layer in which C2 does not change with altitude, the n 
mean square of fluctuations of incident angles 
ing expression 

J2 is determined by the follow- 
I - - -  

8'- 2,9 1 D Lo sec zc;. (5) 

Taking the value CY. into account (l), we obtain r 

Thus, a is proportional to the ratio of the mean square of vibration to 

the square of the angular radius of the diffraction disc (. =2;:;;2 ). 
Figure 1 presents a curve showing the values of the function G(a) (Ref. 3 ) .  
The weaker the intensity at the focal point, as compared with the theoretical 
intensity, the greater the objective diameter in the case of the same vibra- 
tion -- i.e., the smaller the angular radius of the diffraction disc of the 
image. With an increase in the mean quadratic vibration amplitude -- i.e., 
generally speaking, when there is an increase in the zenith distance -- the 
ratio 7 will also decrease. I 

' 0  

5 a 0 2 4  

Figure 1 Figure 2 

1 8 0  

/198 

Figure 2 presents the intensity loss as a result of turbulence, expresse? 
in stellar magnitudes. Intensitv attenuation is auite laree at the focal 
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poin t .  Even i n  t h e  case of a = 1, i t  is  about Om.3. 

1 
4 

< -  

- 1 
4 

- 1 
2 

1 

>1.5 

W e  s h a l l  t r y  t o  determine t h e  l i m i t s  w i th in  which t h e  va lue  of a may 
change i n  as t ronomical  p rac t i ce .  I n  order  t o  determine these  limits, we  s h a l l  
start wi th  t h e  empir ica l  d a t a  provided by Danzhon and Kuder, regarding t h e  
r e l a t i o n s h i p  between t h e  angle  of turbulence and t h e  r ad ius  of t h e  d i f f r a c t i o n  
d i s c  when t h e  q u a l i t y  of t h e  image varies (Ref. 2). This  r e l a t i o n s h i p  may 
be charac te r ized  by a w e l l  known t a b l e  (Table 1). 
turbulence angle  wi th  t h e  angle  19 == more p rec i se ly ,  wi th  w. It may ?e 
seen from Table 1 t h a t  t h e  r a t i o  

16 
f o r  very good images, up t o  va lues  of 2-4 f o r  very poor images. I n  t h i s  
connection, a changes from 3.7 t o  100-200. 
comprises no less than  lm.0 i n  s te l lar  magnitudes. We must keep t h e  f a c t  i n  
mind t h a t  t h i s  condi t ion  of Danzhon and Kuder i s  an  a r b i t r a r y  condi t ion,  and 
p e r t a i n s  t o  v i s u a l  observat ions employing instruments  with an average dimension, 
whose ob jec t ives  do n o t  exceed s e v e r a l  t ens  of cent imeters .  

W e  s h a l l  i d e n t i f y  t h e  

@/a: may change from a va lue  of about - , 

Thus, t h e  i n t e n s i t y  loss 

r 

1 
1 6  

1 

< -  P e r f e c t  d i f f r a c t i o n  image without pe rcep t ib l e  
deformation, poss ib ly  s l i g h t l y  d is turbed .  

Unbroken d i f f r a c t i o n  r i n g s  wi th  bunches of l i g h t  - 
passing through them. 16 

Image s l i g h t l y  d is turbed ,  r i n g s  broken i n  p l aces ;  - 1 
4 

1 

edges of d i f f r a c t i o n  d i s c  d is turbed .  

Great d is turbence  of t h e  image; d i f f r a c t i o n  r i n g s  
d isappear ,  bundle of rays  removed from s p o t ,  immedi- 
a t e l y  disappearing.  

Image i n  t h e  form of a tu rbu len t  d i f f u s i o n  spot  > 2.5 
of comparatively s t a b l e  form, s c a t t e r e d  with s m a l l ,  
a g i t a t e d  s h a f t s  of l i g h t .  I f  t h e r e  w e r e  no turbu- 
lence ,  t h e  image of a s tar  would resemble a p lane tary  
image. 

TABLE 1 

IMAGE QUALITY 

In every case, i t  may be seen from these  da t a  t h a t  a has va lues  which are 
c lose  t o  un i ty ,  and g r e a t e r  than un i ty ,  during astronomical observat ions.  This 
is due t o  t h e  f a c t  t h a t  very good images of stars, f o r  which t h e  d i f f r a c t i o n  
p i c t u r e  i s  c l e a r l y  apparent ,  are very r a r e l y  observed. 
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I n  t h e  region of va lues  a >> 1, t h e  func t ion  G(a) changes approximately 
as a-6/S. I f  only D changes €or  one and t h e  same v i b r a t i o n  w e  then have 

A s t r ange  r e s u l t  is thus  obtained. When t h e  diameter of t h e  ob jec t ive  
increases ,  due t o  f l u c t u a t i o n s  t h e  i n t e n s i t y  i n  the  f o c a l  image of t h e  star 
decreases  t o  such a g r e a t  ex ten t  t h a t  i t  balances out  t h e  expected advantage 
t o  be  gained from an inc rease  i n  t h e  diameter.  But one f a c t  must be kept  i n  
mind. 
t h e  te lescope  is  no t ,  gene ra l ly  speaking, propor t iona l  t o  D2, but  t o  D4/F2 
(Ref. 6, 9). This may be explained by the  f a c t  t h a t  t h e  angular  diameter of 
t h e  d i f f r a c t i o n  disc changes i n  inve r se  proport ion t o  D, and t h e  l i g h t  f l u x  
changes i n  proport ion t o  D2. The l i n e a r  diameter of t h e  d i f f r a c t i o n  d i s c  i s  
propor t iona l  t o  F. W e  may .apply  t h e  dependence D4/F2, i f  t he  diameter of t he  
d i f f r a c t i o n  d i s c  o f t h e  s t e l l a r  image is  g r e a t e r  than t h e  mean dimensions of 
t h e  g r a i n  of t he  photographic image, which corresponds t o  a s u f f i c i e n t l y  l a r g e  
F/D. Table 2 presen t s  t he  r ad ius  of t he  s te l la r  image f o r  d i f f e r e n t  va lues  of 
F 
D 
mately 20 microns, which exceeds the  diameter of t h e  photographic emulsion 
g r a i n  by a t . l e a s t  s e v e r a l  f a c t o r s .  

It is known t h a t  t h e  i l l umina t ion  of t h e  s te l la r  image i n  t h e  focus of 

/200 

- 
(A 2, 550 mi l l imicron) .  For F/D 2, 15  t h e  s te l la r  image diameter i s  approxi- 

TABLE 2 It has been ind ica ted  i n  courses  
. .  . - on as t rophys ics  [ f o r  example, (Ref. l ) ]  -;I j ;-I $ t e lescopes  must be propor t iona l  t o  one- 

t h a t  t h e  t h e o r e t i c a l  l i g h t  c o l l e c t i o n  of 

fou r th  power of t h e  opening d iame te r .  
S .  K. Kostinskiy (Ref. 1 )  has wr i t t en :  

1 0.67 9 6.63 "However, due t o  t h e  s t r u c t u r e  of t h e  
r e t i n a  during v i s u a l  observat ions o r  2 1.34 10 6.70 

3 2 . w  ! I  7.37 
4 2 .68  12 8.05 t h e  s t r u c t u r e  of t h e  s e n s i t i v e  l a y e r  
5 3.3.5 13 8.72 of a photographic p l a t e  during photo- 
6 .o, 14 9.4') 
7 4.69 15 10.07 graphy, i t  must be assumed t h a t  t he  
8 5.35 l i g h t  c o l l e c t i o n  of te lescopes  i s  only 

propor t iona l  t o  t h e  square of t h e  dia-  
meter" ( fo r  s t a r s ) .  It is poss ib l e  
t h a t  t h i s  i s  t h e  case f o r  s m a l l  F/D. 
However, f o r  l a r g e  F/D and f o r  l a r g e  

.rl u 
. . . e -  a r l  

- -6 - .  

diameters of t h e  image, i n  my opinion,  i t  seems more l o g i c a l  t o  assume t h a t  
t he ' r eason  f o r  t h e  reduct ion  i n  i l l umina t ion  i n  t h e  s te l la r  image does no t  
l i e  i n  the  na tu re  of t h e  l i g h t - s e n s i t i v e  l a y e r ,  bu t  i n  t h e  inf luence  of 
f luc tua t ions .  Since G(a) 2, D-2 usual ly  during astronomical  observa t ions ,  i n  
a c t u a l i t y  t h e  i l l umina t ion  of  t he  s te l la r  image a t  t h e  focus w i l l  not  be 
propor t iona l  t o  D4/F2, but  only t o  D2/F2, as is  c h a r a c t e r i s t i c  i n  genera l  f o r  
extended ob jec t s .  When t h e r e  is no turbulence,  f o r  example, i n  t h e  case  of 
as t ronomical  observat ions on t h e  Moon, i t  i s  poss ib l e  t h a t  t h e  formula D4/F2 
w i l l  be  c l o s e r  t o  r e a l i t y  f o r  stars than  it is  f o r  D2/F2, p a r t i c u l a r l y  i n  t h e  
case of f ine-gra in  emulsions. 
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It a l s o  fol lows from t h e  theory of L. A .  Chernov (Ref. 11) t h a t  t h e  
r a t i o  1/1 

.a i s  t h e  c o r r e l a t i o n  scale i n  t h e  Gauss l a w  which desc r ibes  t h e  c o r r e l a t i o n  
r e l a t i o n s h i p  between pu l sa t ions  of t h e  r e f r a c t i v e  index;  h - dimension of t h e  
diaphragm, assumed t o  b e  square.  Thus, t h e  conclusions reached by L. A.  
Chernov f o r  t h e  case of l a r g e  f l u c t u a t i o n s  co inc ide  wi th  t h e  conclusions of 
N. G .  Denisov and V. I. Tatarsk iy  f o r  t he  case of  l a r g e a .  

i s  p ropor t iona l  t o  & 
h2 

f o r  f a i r l y  l a r g e  f l u c t u a t i o n s  -- i . e . ,  where 0 

/201 

L e t  us examine c e r t a i n  examples. 

I n  h i s  t i m e ,  G .  A. Tikhov (Ref. 8) compared t h e  photographic condi t ions  
f o r  t h e  v a r i a b l e  s ta r  RT P e r s e i  whose b r igh tness  changed from 9.5 t o  10m.5, 
by means of s p e c i f i c  l i g h t  f i l t e r s  on two instruments:  a Bredikhina a s t ro -  
graph (D = 17 cm,  F = 20 cm) and a Pulkova 30-inch r e f r a c t o r  (D = 72.6, cm,  
F = 1412 cm). 
graphing t h i s  star on a Bredikhina as t rograph  by means of a l i g h t  f i l t e r  w i th  
a pass  band of 495-615millimicrons and a mean band of 555 mil l imicrons.  
o rder  t o  ob ta in  t h e  image of RT P e r s e i  i n  t h e  focus of a 30-inch r e f r a c t o r ,  
a n  exposure of no less than  50 minutes w a s  necessary.  Based on theory,  i n  
v i e w  of t he  f a c t  t h a t  t h e  a r e a  of t h e  r e f r a c t o r  o b j e c t i v e  was 20 t i m e s  g r e a t e r  
than t h e  a r e a  of t h e  o b j e c t i v e  of t h e  Bredikhina as t rograph ,  G.  A.  Tikhov 
expected t h a t  t h e  exposure on t h e  r e f r a c t o r  would b e  less than 1% minute. 
G. A.  Tikhov reached t h e  conclusion t h a t  t h e  l a c k  of agreement which he  
obtained i n  t h e  exposures could be  explained by t h e  l a r g e  l i n e a r  dimensions 
of t he  images and by t h e  g r e a t  in f luence  of v i b r a t i o n  when t h e  f o c a l  d i s t ance  
of t h e  30-inch r e f r a c t o r  equal led 14 m. 

An exposure of no less than 15 minutes w a s  necessary f o r  photo- 

I n  

I n  a c t u a l i t y ,  one could not  hope t o  ga in  any advantage wi th  t h e  exposure 
on a 30-inch r e f r a c t o r ,  as compared with t h e  Bredikhina astrograph.  The 
r e l a t i v e  ape r tu re  of t h e  f i r s t  w a s  1/19.5,  and t h e  relative ape r tu re  of t h e  
second w a s  1/4.7.  The r a t i o  of t h e  l i g h t  c o l l e c t i o n  of both instruments w a s  
1/17.3 -- i .e . ,  t h e  r a t i o  of t h e  squares  of t hese  numbers. Thus, i l l umina t ion  
of t h e  image i n  a 30-inch r e f r a c t o r  i s  17.3 t i m e s  less than  i n  a Bredikhina 
astrograph.  Correspondingly, t h e  exposure f o r  RT P e r s e i  must be increased by 
a t  least  a f a c t o r  of 17,  i . e . ,  several hours .  It i s  no wonder t h a t  t h e  
image w a s  underexposed wi th  an  exposure of 50 minutes.  Natura l ly ,  t h i s  i s  
a very rough estimate, s i n c e  t h e  d i f f e rence  i n  achromatizat ion of both 
instruments  would have t o  have had an in f luence ,  i n  s p i t e  of t h e  f a c t  t h a t  t h e  
same f i l t e r  w a s  employed. I n  add i t ion ,  i t  i s  very l i k e l y  t h a t  t h e  photography 
on t h e  astrograph and t h e  r e f r a c t o r  w a s  performed a t  d i f f e r e n t  t i m e s ,  and t h e  
meteorological  condi t ions  would have t o  have been d i f f e r e n t .  

According t o  S. Cheiner (Ref. 13 ) ,  l o s s e s  of t he  l i m i t i n g  s t e l l a r  mag- 
n i tude  due t o  t h e  f a c t  t h a t  t h e  atmosphere i s  no t  q u i e t  during photographic 
observat ions may comprise about Om.75. 

parameter a changes from 3 t o  8 
of turbulence by a f a c t o r  of m= 1.6.  
atmospheric a g i t a t i o n  o r  what instrument formed t h e  b a s i s  of Cheiner 's  

It may be  seen from Figure 2 t h a t  
such an  i n t e m i t y  l o s s  may occur a t  t h e  focus -- f o r  example, when the  /202 

which corresponds t o  an inc rease  i n  t h e  angle  
Unfortunately,  w e  do not  know what 
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es t imat e. 

There are also indications that, for the 100-inch telescope of Mount 
Wilson Observatory, the limiting stellar magnitude changes by 3m 
for a poor quality image (Ref. 12). This brightness decrease fully agrees with 
the curve shown in Figure 2, and may correspond to an increase in turbulence 
by several factors, as compared with its mean value in a quiet atmosphere. 

Let us investigate the manner in which the illumination of the stellar 
image must change at the focal point when the zenith distance changes. Let 
us employ the following notation: I - the light intensity in the focal image, 
and Io - the same intensity in the absence of an atmosphere. In this case, 
I must be the function of atmospheric absorption and must depend on fluctua- 
tions. In general form, we may write 

('* . . . . _. - -  - k (2) G (a), 
I o  

where k(z )  characterizes customary (Bouguer) light attenuation; G(a) - the 
function, anda depends on sec z (or on L). At the zenith, we have 

(7)  

where a is the value of a for z = 0 " .  Thus, reduction to the zenith may be 

calculated according to the following relationship 
0 

. I  

transmission coefficient of the atmosphere. The ratio G(a)/G(a ) must be 
determined according to a curve. In the case of a Q 1, it is impossible to 
employ asymptotic relationships. Such values of cd are characteristic for 
astronomical observations. For different stellar magnitudes at the zenith /203 
distance z and at the zenith, we obtain 

0 

m,--mo=2.5 (secz-I) Ipp-2 5 Ig __-- G ( a )  
G ( a d  

or 
r%-f%~=2.5 Ig[pG(a0)]-2.5 sec z Igp-2.5 Ig G(a) 

In,the case of G(a) = 1, this formula coincides with the customary formula 
fn2,-nio = 2.5 Ig p--2.5 sec z Ig p .  

We shall assume that a = 3 at the zenith under certain meteorological 
conditions. In the case of z = 60" a = 6, since sec 60' = 2. The corre- 
sponding correction to the Bouguer law in stellar magnitudes may be determined 
according to the curve shown in Figure 2, as the difference of the ordinates 
in the case of a = 6 and a = 3 -- i.e., lm.42-Om.84 = Om.58. For a = 4 and 

165 



a = 8 lm.64-lm.02 = Om.62. 
characterized by the term 2.5 lg G(a) = 2.5 lg G(a 

a = a sec z .  

Thus, the deviation from the Bouguer law is 
sec z ) ,  if we set 0 

0 

The Bouguer straight lines may actually curve at sufficiently large 
zenith distances, but the reason for this has not been adequately explained. 
Thus, N. N. Sytinskaya (Ref. 7) assumes that these curves are due to a change 
in the transmission coefficient, particularly in the case when the so-called 
long method of determining the transmission is employed. V. G. Fesenkov 
(Ref. 10) has also pointed out the curvature of the Bouguer lines, beginning 
with z = 60 - 70°. V. B. Nikonov (Ref. 5) assumes that the curvature of the 
Bouguer lines is caused by the Forbes effect and smooth 
mission. It is fully possible that the phenomenon we have investigated also 
contributes to the curvature of the Bouguer lines. 

changes in trans- 

Let us now investigate what the reduction must be to stellar brightness 
outside of the atmosphere. It is apparent that it depends on the angle of 
turbulence and the greater the diameter of the telescope objective, the larger 
it is. It may be seen from Table 3 that the intensity l o s s  of the focal image 
due to fluctuations, when the star is located at the zenith, is quite large 
for large telescopes. However, it is small for telescopes with a small 
aperture. The estimates we obtained pertain primarily to limiting stellar 
magnitudes, which essentially depend on the plate sensitivity threshold or the 
radiation receiver. For stellar images which differ from the limiting images, 
the data presented in Table 3 are probably too high. The limiting penetration 
capacity during observatdons outside of the atmosphere also depends on the 
background brightness of the sky, which is appreciable under these conditions. 

- I204 

TABLE 3 
- - _ _  . . . _.___ 

Angle of Turbulence 0" .  3 (  
. . 

10 2.30 0.52 
20 8.S9 0.20 - -  - _~ 
co 19.8 0.090 
40 26.6 0.019 
50 55.2 0.032 
GO 79.2 0 022 
70 10 .O 0.017 ~ .. . -  

80 146.9 0.012 
90 178.1 0.010 

100 218.2 0.008 
200 1112 0.0016 
303 1980 0. uoo9 
4LO 2700 0 .  U0066 

Am 
. .  

0.68 
1.75 
2.60 
3.28 
3.73 
4.10 
4.40 
4.77 
5.00 
6.21 
6.97 
7.ti0 
7.90 

a 
- . .  

0.57 
2.22 
4.95 
9. I5 

13.8 
19.8 
26.2 
3G.6 
44.5 
54.5 

276 
495 
675 

G ( n )  1 A m  
_ _  - - . - - 

0.83 0.23 
0.50 0.75 
0.32 1.24 
0.20 1.75 
0.132 2.20 
0.092 2.65 
0.070 2.78 
0.050 3.26 
0.041 - 3.48 
0.034 3.70 
0.0066 4.45 
0.0'137 6.10 
0.0027 6.43 

The quantities shown in Table 3 all make it possible to represent the 
effllciency of a telescope when there is no atmosphere. 
that the standards of photographic stellar magnitudes are based on the 
so-called Gijttingen Werke actinometers. When the first study was carried out, 
an instrument with D = 45 mm and F = 460 m was employed, while .the second 

We should point out 
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study employed an instrument with D = 145 mm, F = 814 mm (Ref. 4). As may be 
seen from Table 2, with such instruments, a portion of the reduction for 
changing to extra-atmospheric magnitudes, which depends on fluctuations, does 
not exceed several tenths of a stellar magnitude. 

Since ci depends on A ,  G(a) also depends on A. It thus follows that G(a) 
is not the same for stars having different colors. Let us employ the follow- 

-- photographically effective wavelengths for '1 eff and A2 eff ing notation: 

two stars of different spectral classes. 
a 

G(al) > G(a2) -- i.e., the "bluish" and ttbluetl stellar images are attenuated 

to a greater extent than the "red" images. 
eff' on the difference X 

If A1 eff > X 2  eff, then -- since 
C - , where c are now assumed to be constant -- al < a2 and, consequently, 
A2 

The attenuation difference depends 
Bo - 412 milli- /205 eff ; If we assume: spectral class - 

microns; M - 443 millimicrons (A ) /(Xeff)M = 0.93. The square of this eff Bo 

quantity yields the following relationship 

- 1.15. 
a M  

According to Figure 2, 
%o = 3*45. 

If it is assumed that % = 3 ,  then 

the difference between the corresponding attenuations is about Om.l; thus, 
the influence of this phenomenon on the difference between the color indices 
is comparatively small. 
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